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XABSTRACT
The historical progression of eutrophication and anoxia in the mesohaline region 
of Chesapeake Bay was reconstructed through the geochemical analysis of surficial 
sediment and sediment cores.
Lipid biomarker and carbon and nitrogen stable isotopic and elemental 
composition of Chesapeake Bay surficial sediments were examined seasonally along a 
salinity gradient transect in order to identify the sources of organic matter to Chesapeake 
Bay sediment and the processes which control their temporal and spatial distribution. 
Principal component analysis (PCA) was used to identify the major sources of 
geochemical variability in sediment composition. Lipid analysis of algae cultures 
representing predominant phytoplankton groups present in Chesapeake Bay were carried 
out to aid in the development of biomarkers applicable to this system.
Temporal variability in surficial sediment composition could be linked to seasonal 
progressions in phytoplankton community composition. Labile organic matter with high 
concentrations of polyunsaturated fatty acids and other lipids derived predominantly from 
diatoms were deposited during and immediately following the spring bloom in most of 
the Bay mainstem. The distribution of this group of biomarkers varied seasonally and 
inter-annually in proportion to the volume freshwater inflow to the Bay. Organic matter 
derived from algal groups which are more abundant in the summer, such as 
dinoflagellates and green flagellates, were also found to have an identifiable signature in 
the surficial sediments of the Bay. A group of lipid biomarkers including even-numbered 
long carbon-chain length fatty acids and alcohols were idendfied which may serve as 
indicators of terrestrially-derived organic matter to the Bay. This sediment component 
was associated with depleted carbon isotopic signatures and high carbon:nitrogen ratios.
It represented the greatest portion of surface sediment organic matter at the head of the 
estuary and during the Fall after the more labile autochthonously derived organic matter 
was utilized by bacteria.
Three cores (3 to 4.S m in length) collected from the mesohaline region of 
Chesapeake Bay were found to have undisturbed records of sediment accumuladon.
These cores were dated using a combination of tools including II0Pb and II7Cs 
radioisotopes, anthropogenic Pb and pollen indices. The earliest evidence of 
eutrophication was found in the stable isotopic and lipid biomarker signature of organic 
matter in sediments of all three cores deposited between 1790 and 1915. Enrichments in 
the carbon and nitrogen isotopic signature of these sediments indicated enhanced primary 
productivity and nitrogen recycling, respectively. At the same time, increases in the flux 
of total organic carbon (TOC) and episodic enrichments (relative to TOC) of algal and 
bacterially-derived lipid biomarker compounds signaled a change in the sources of OM to 
the sediments. During this period, an increase in diatom abundance relative to other algal 
groups was indicated by a decrease in the ratio of dinosterol, sitosterol and cholesterol 
(non-diatom plankton-derived) to 24-methylenechoIesterol (from diatoms). More 
extreme and enduring change occurred after the 1915’s with further isotopic enrichments, 
a 1.5 to 2.5-fold increase in TOC deposition and 2 to 5-fold enrichments in algal and
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
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bacterially-derived lipid biomarker compounds. Increases in dinoflagellates and 
cyanobacteria and decreases in zooplankton biomass relative to diatom biomass occurred 
during this period of advanced eutrophication as indicated by the above lipid biomarker 
compound ratios. Mo change in the contribution of terrestrially-derived OM to the 
sediment was indicated in any of the cores.
Changes in sulfur speciadon were used as indicators of redox conditions in CB 
bottom waters. The initial occurrence of anoxia/hypoxia was recorded in 1790 at the 
deepest site (26 m) and in 1929 at the IS m depth site. There was no record of anoxia 
having occurred at a shallower site (8 m depth). An examination of both qualitative 
evidence and quantitative models of degradation indicates that diagenesis cannot account 
for the observed increases in the total amount and labile quality of OM deposited during 
the 19th and 20th century in CB. It is also unlikely that the onset of anoxic bottom 
waters increased preservation of OM in this system. A diagenetic model was used to 
reconstruct the paleoproductivity of this region. It is estimated that both algal and 
bacterial production has increased by 100 to 200% relative to pre-CoIonial times with a 
temporal progression similar to the history of anthropogenic alteration of the watershed.
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Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
CHAPTER 1
INTRODUCTION
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Estuaries are recognized as aquatic zones of high variability on temporal scales 
ranging from hours to centuries and spatial scales ranging from a few meters to tens or 
hundreds of kilometers. Due to this high degree of variability and their desirable 
locations as centers of human habitation, estuaries, perhaps more than any other aquatic 
system, are susceptible to alteration in the face of anthropogenic, climatic or other 
perturbations. Nevertheless humans have come to depend upon these ecosystems for 
food, transportation and leisure resources. Further, the juxtaposition of estuaries between 
land and sea lends them key importance in the exchange of biogeochemically important 
chemical species between terrestrial and marine reservoirs. Material entering the estuary 
from rivers may be trapped, transported through or altered prior to deposition or export. 
We must understand the processes which take place in estuaries if we want to fully 
understand critically important biogeochemical cycles such as that of carbon and 
nitrogen. Lastly, because estuaries are sites of extremely high biological productivity and 
diverse habitat, they harbor a diverse array of organisms and interdependent 
communities, the functioning of which we are only beginning to understand. It is critical 
that we study these systems at present and try to understand the changes that have already 
occurred so that we can better manage and predict or prevent the changes that may occur 
in the future.
The focus of this study is on the changes that have occurred over the last few 
centuries of advancing human influence in the biogeochemical cycling of organic carbon 
and nitrogen in the mesohaline region of Chesapeake Bay. “The present is the key to the 
past” is a widely stated axiom in geology that serves as the framework for this research. 
First, I examine some of the present-day processes which lead to the deposition of 
organic matter (organic carbon and nitrogen) prior to incorporation into the sediment 
record (Chapter 2). An understanding of the factors controlling spatial and temporal 
variation in the deposition of particulate organic matter is necessary if we are to be able to 
read and interpret the information preserved in the sediment record. Next, I examine the 
downcore changes in sediment organic matter composition at a single site in the 
mesohaline region of Chesapeake Bay with a focus on trying to understand the post- 
depositional changes (diagenesis) that have occurred and developing the methodology for 
interpreting the sediment record through the 'filter’ of these changes (Chapter 3). In
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essence, this work served as a pilot study for the subsequent regional study. Lastly, the 
geochemical record of three sediment cores from this region are read and interpreted 
using the information obtained in the two prior sections so that a history (both temporal 
and spatial progression) of environmental changes which have taken place in Chesapeake 
Bay over the time span covered by the cores is established (Chapter 4).
Chesapeake Bay is the largest estuary in the United States with a drainage basin 
that encompasses an area (165,760 km:) from southern New York state to western 
Virginia and a surface area of 7,740 km\ Approximately 340 km in length, a number of 
major tributaries flow into Chesapeake Bay. However, the Susquehanna River, at the 
head of the Bay, contributes the majority of the freshwater (60%) and dissolved inorganic 
nitrogen (80%) entering the Bay as a whole (Harding and Perry, 1997) and to a much 
greater extent to the region of the Bay north of the Potomac River, the focus of this study. 
With freshwater moving seaward over saltwater moving northward toward the head of the 
estuary, Chesapeake Bay is often described as a classic example of a partially-mixed 
estuarine flow pattern (Boicourt et al., 1999).
As one of the first regions in North America settled by Europeans (beginning with 
the Jamestown settlement of 1607), the Chesapeake Bay watershed has seen a vast 
amount of alteration over the past three centuries. For the purposes of agriculture and 
timber harvesting, the originally complete forest cover of the watershed was reduced to 
40-45% by 1850 (Brush, 1984). Human population in the watershed has grown to nearly 
16 million and a number of urban centers of industry and shipping have emerged. 
Industries supported by the harvesting of resources directly from the Bay, such as 
crabbing, oyster harvesting and fisheries, have grown to be major economic forces in the 
regions surrounding the Bay. All of these changes have had their effect on the 
biogeochemistry of the Bay.
The term ‘eutrophic’ has been defined as an aquatic system with a rate of organic 
carbon supply in the range 301-500 g C m'2 y'1 (Nixon, 1995). With an average annual 
primary production rate of about 350 g C m'2 y‘‘ (Baird and Ulanowicz, 1989) and an 
allochthonous organic carbon influx of about 50 g C m'2 y'l(Fisher et al., 1998), the 
Chesapeake Bay can certainly be characterized as eutrophic. ‘Eutrophication’, however, 
has been defined as “an increase in the rate of supply of organic matter to an ecosystem”
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(Nixon, 1995) and the evidence that this has occurred in Chesapeake Bay, as well as other 
coastal environments, is scanty and often anecdotal. Although rates of primary 
productivity have been measured over the past 40 years, they were performed using 
various methods and not on a system-wide or temporally extensive basis. A trend of 
increasing chlorophyll concentration in Chesapeake Bay has been detected for data 
collected since 1950 (Harding and Perry, 1997) and this serves as the best evidence, thus 
far, that eutrophication has occurred in this system. However, the chlorophyll data from 
the 1950’s and 60’s is sparse and may have failed in many cases to capture algal bloom 
events.
Periods of anoxia or hypoxia have been observed in portions of the Chesapeake 
Bay since the 1930’s (Newcombe and Home, 1938). The temporal and spatial extent of 
these periods has increased since that time so that this phenomenon has become a major 
environmental concern (Officer et al., 1984). A great deal of research has focused on the 
present-day causes of bottom water anoxia in the Chesapeake and other estuaries. Two 
processes are thought to be of greatest importance in causing anoxic events in the bay. 
First, the amount of freshwater runoff will determine the strength of water column 
stratification. This process effectively isolates deeper waters from more oxygenated 
surface waters (Seliger and Boggs, 1988). Second, nutrient influx stimulates primary 
production resulting in a flux of organic material into bottom waters where respiration 
processes consume oxygen (Taft et al., 1980). Freshwater runoff is thought to have 
increased due to land clearance which began with early settlement in the 17th century but 
reached maximal rates in the mid- to late 1800’s (Cooper and Brush, 1991). Increases in 
nutrient loading to Chesapeake Bay probably occurred with extensive fertilizer usage in 
the late 19th century, but may have increased dramatically in the early 20th century 
(Cornwell et al., 1996) with the availability of inexpensive synthetic fertilizers. Because 
of the temporal separation of these anthropogenic factors, changes in the organic 
composition of the sediments (and thus, the ecology of the estuary) due to each factor 
may be discernible.
Major questions relating to the history of anoxia and eutrophication in 
Chesapeake Bay are yet to be resolved and have far reaching management implications. 
Are periods of anoxia or enhanced productivity natural occurrences in bodies of water
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
such as the Chesapeake? Does the onset of eutrophication or anoxic ’events’ coincide 
with agricultural settlement, the intensive use of fertilizer, or more recent urban and 
industrial development? To what extent has primary productivity been enhanced, can 
these changes be attributed to human influence (cultural eutrophication) and what 
changes in the ecology of the Bay have occurred?
Thus far, only a few workers have approached answers to these questions. In the 
work of Cooper and Brush (Cooper and Brush, 1991; Cooper and Brush, 1993), long 
cores were collected in the mesohaline region of the Chesapeake and sedimentation rates 
were estimated by the pollen concentration technique (Brush, 1989). The ratio of centric 
to pennate diatoms (and other planktonic community indicators), percent organic carbon, 
total sulfur and degree of pyritization (DOP) were used as proxies for oxygenation levels 
prevalent during the time of deposition. The major findings of their study were that 
changes in these proxies began to appear in the early 18th century and drastic changes in 
bottom water conditions began in the 1940’s.
Some uncertainties in the findings of Brush and Cooper, however, may be due to 
the dating and geochemical methods employed. Brush and Cooper used total sulfur to 
estimate pyritic S and hence, pyritic Fe for their DOP calculations. But other forms of 
reduced sulfur (besides pyritic S) such as iron monosulfide and elemental sulfur have 
been found to occur in significant quantities in Chesapeake Bay sediments (Roden and 
Tuttle, 1993), as well as other, permanently anoxic basins (e.g. Kau Bay Indonesia, 
Middleburg, 1991; Eastern Mediterranean, Henneke et a i, 1991). A second uncertainty 
is that the dating method employed by Brush and Cooper. Carbon-14, with a half-life of 
S730 years, is unable to provide the temporal resolution necessary for a study of 
deposition during the past few centuries. They also used a ’pollen-concentration 
technique’ to determine recent sedimentation rates. This technique relies upon the 
assumption that the influx of pollen grains to the sediment is uniform over time (Brush, 
1989). But this assumption may not be justified given the climatic and anthropogenic 
changes that have occurred in the last few centuries. Lead-210, with a half-life of 22.3 
years, is more useful for geochronology within time periods on the order of a century and 
it can also provide information pertaining to whether the sediment has been bioturbated, 
physically mixed or preserved without disturbance. Additionally, in the Brush and
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Cooper study, the time period in which the most drastic environmental changes seem to 
occur (the 20th century) was not sampled at intervals small enough to make definite 
conclusions as to the timing of important recent events.
Cornwell et al. (1996) and Cornwell and Sampou (1995) examined the nutrient 
element chemistry of Chesapeake mid-bay sediments of this century in detail but were 
unable to follow the history of eutrophication in the bay due to post-depositional changes 
in elemental concentrations. Although, both research groups found increased organic 
carbon content in sediment deposited during this century (Cooper and Brush, 1991; 
Cornwell et al., 1996), the source of this organic matter was not determined and recent 
evidence suggests that anoxia itself may not effect the preservation of organic material 
(Henrichs and Reeburgh, 1987; Kuehl et al., 1993; Lee, 1992). With the use of a 
combination of dating techniques, lipid biomarkers analysis, and an examination of 
organic matter distributions and compositions in present-day surficial sediments, this 
study was designed to remedy some of these previous difficulties so that light may be 
shed on questions relating to recent environmental change in Chesapeake Bay.
One class of organic compounds, the lipids, has been established as a useful tool 
in paleo-environmental reconstructions due to their low reactivity (high preservation 
potential) and source specificity relative to other organic compound classes (e.g. Brassell 
and Eglinton, 1986; Cranwell, 1982; Lechevalier and Lechevalier, 1988). The 
distributions of certain fatty acids and sterols, for example, compound classes which are 
the focus of this study, can be related to specific sources which contribute organic 
material to aquatic sediments. The down-core concentrations of these compounds within 
the sediments, then, can be related to temporal variations in the sources of organic matter, 
and thus, historical changes in a watershed and the ecology of the aquatic system. 
However, many biomarkers which were originally thought to be unique to specific 
organisms or source environments have now been found to vary in their origin from 
system to system or have a shared source among a variety of organisms (e.g. Gillan and 
Johns, 1986; Volkman, 1986). It is for this reason that a portion of this study was 
dedicated to examining the relationship between water-column processes and surface 
sediment composition and culturing algal monotypes typical to Chesapeake Bay so that
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appropriate biomarkers could be identified (Chapter 2). In doing so, I was better able 
(with more specificity and more confidence) to apply the biomarker technique to down- 
core sediment studies and interpret the environmental changes which have occurred in 
Chesapeake Bay.
Hypotheses
The main objective of this work is to track, with high resolution, the history of 
eutrophication and anoxia/hypoxia in Chesapeake Bay. To do this, a number of 
hypotheses were initially proposed and were addressed in the following work:
1. Seasonal and spatial variations in autochthonous and allochthonous sources of organic 
matter are reflected in the organic matter composition of Chesapeake Bay surficial 
sediments (Chapter 2). The organic chemical analysis of algal monocultures and the 
examination of water-column properties such as phytoplankton productivity and 
biomass may be used to relate variations in the quantity and quality of surficial 
sediment organic matter to their causal mechanisms (Chapter 2).
2 a. There will be down-core variations in the quantity and quality (e.g., elemental, 
stable isotopic and lipid biomarker distributions) of organic matter in Chesapeake Bay 
sediments, b. These downcore changes can be distinguished from those which may be 
caused by sediment diagenesis, or more specifically, organic matter degradation. 
Alternative hypothesis: The variations in sediment organic chemistry can be ascribed 
to diagenetic alteration alone. (Chapter 3)
After finding support for the above hypotheses, the following hypotheses were tested:
3. The non-diagenetic organic geochemical variations in sediment cores, representing 
temporal changes in the quantity and quality of organic matter inputs to the sediments, 
will yield a history of the progression of eutrophication, anoxia and changes in 
plankton community composition and the sources of organic matter to the sediment.
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This historical reconstruction must be consistent between cores and between the 
various geochemical indicators (Chapter 4).
4. The above changes in the biogeochemistry and ecology of Chesapeake Bay can be 
related to historical changes in agriculture and other activities that have taken place in 
the Bay’s watershed (Chapter 4).
It is my contention that the above hypotheses have been tested and confirmed by 
this research. This study provides a 300-year record of the onset and intensification of 
anoxia and eutrophication in Chesapeake Bay. The information obtained may be used to 
better constrain models which predict how changes in land use or nutrient enrichment 
may have led and might lead in the future to conditions of anoxia and eutrophication in 
an estuary. These models have management implications for those involved in efforts to 
1) alleviate the biological crisis occurring due to human-induced eutrophication in 
estuaries today and 2) prevent the deterioration of undisturbed estuaries due to predicted 
increases in future human development. By establishing an approach for the 
reconstruction of environmental change in the recent time-frame using geochemical 
information, further investigations may be aided. Studies of estuarine and marine 
sedimentary history that examine paleo-oceanographic and paleo-climatological 
conditions may also be carried out using the approach developed in the work presented 
here.
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CHAPTER 2
SPATIAL AND TEMPORAL VARIATION IN ORGANIC MATTER COMPOSITION 
OF CHESAPEAKE BAY SURFICIAL SEDIMENTS §
§ To be submitted to Estuarine, Coastal and Shelf Science
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ABSTRACT
Seasonal measurements of lipid biomarker (fatty acid and sterol) composition 
along with organic carbon and nitrogen elemental and stable isotopic signatures were 
made in surficial sediments along the salinity gradient of the of Chesapeake Bay 
mainstem. These data along with water quality information including chlorophyll and 
dissolved oxygen concentration were used to assess temporal and spatial variations in 
organic matter (OM) composition and the processes that control its distribution. While 
the amount of OM in sediments was largely related to sediment surface area and 
exhibited very little seasonal variability, OM composition was spatially and temporally 
variable. Principal components analysis (PCA) identified three suites of lipid compounds 
that encapsulate these elements of variability. The first, representing allochthonous 
versus autochthonous OM identified the northern Bay as the major site of terrestrial OM 
deposition. The greater contribution of terrestrial OM in this region was supported by 
elemental C:N and isotopic data. PC2 was identified as a seasonal component of lipid 
composition and indicated the deposition of labile, primarily diatom-derived OM in the 
spring and degradation of this OM through the summer and fall. This component was 
particularly enriched in the south Bay and varied interannually with tributary water 
inflow. A third component of OM composition represented microbially-derived OM 
which, although most abundant in the Mid-Bay, represented the greatest fraction of OM 
in the southern Bay. Sediments of the Mid-Bay were particularly enriched in flagellate- 
derived OM in the summer. The sediment OM composition was not influenced by water- 
column dissolved oxygen concentration. The combination of lipid composition and PCA 
proved a more sensitive indicator of sediment OM sources and reactivity than bulk data 
alone and present a picture the estuary as an efficient trap of both allochthonous and 
autochthonous OM. The high degree of spatial and temporal variability in estuarine 
sediment OM composition will affect the distribution of benthic communities and the 
long-term sediment record.
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
INTRODUCTION
13
Although estuaries represent only a small portion of the total coastal ocean by 
surface area, their high primary productivity and position as receivers of terrestrial 
organic matter (OM) gives these regions an important role in the global cycling of 
organic carbon. As estuaries will be most susceptible to alteration in the coming years 
due to sea-level rise or other anthropogenic influences (Smith and Hollibaugh. 1993), it is 
important that we understand the functioning of these systems at present. The fate of 
autochthonous and terrestrially derived OM in estuarine environments, however, is not 
well understood (Hedges et al., 1997; Smith and Hollibaugh, 1993). Particulate OM may 
be trapped within the estuary (i.e. deposited to sediments), biologically utilized within the 
water column and surface sediments, either by higher organisms or via microbial 
foodwebs, or exported to the ocean. Furthermore, the character of OM may be altered by 
heterotrophic activity prior to deposition or export. Not only is the knowledge of OM 
storage in estuaries an important part of our understanding of global carbon cycling, but 
the distribution of OM from various sources will influence the availability of food 
sources for pelagic and benthic food webs (Boon et al., 1999; Diaz and Schaffner, 1990) 
and may effect the distribution of contaminants (Karickoff et al., 1979).
An impediment to our understanding of these processes has been the extreme 
temporal and spatial heterogeneity that characterizes estuaries (see Hedges and Keil, 
1999). Physical, chemical and biological regimes within estuaries can vary spatially on 
scales of a few kilometers and temporally on scales ranging from hours (due to tidal 
forcing) to years or greater. Biological productivity, water column respiration, seasonal 
anoxia, freshwater inflow and sediment type, all of which may vary seasonally, annually 
and at a variety of spatial scales, may influence the type and amount of OM that is 
deposited, remineralized or exported.
Understanding the cycling of organic carbon within estuaries takes on further 
importance because, among marine environments, these systems are most likely to have 
been altered by human activities in recent centuries (Holligan and Reiners, L992). Both 
eutrophication and water column anoxia have become major environmental concerns in
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recent years (Diaz and Rosenberg, 1995; Nixon, L995). Cultural eutrophication has 
altered the cycling of organic carbon and the phytoplankton community distribution in 
many estuaries and coastal regions during this century (Cooper and Brush, 1991; Eadie et 
al., 1994). Labile carbon produced by algal blooms, if remineralized within the estuary, 
either in the water column or sediments, is likely to be an important sink for dissolved 
oxygen. Depending upon the timing and extent of remineralization, labile OM can also 
be an additional source of nutrients to the water column, thus fueling further productivity. 
While some algal blooms such as diatoms occur predominantly in the spring, other taxa 
are dominant during the warm summer months (e.g. dinoflagellates, cryptomonads, 
chlorophyceans and cyanobacteria; Marshall and Alden, 1993). Other major potential 
contributors of OM to the estuary include bacteria and terrestrially-derived OM. While 
the highest heterotrophic bacterioplankton production and abundances occur in the 
summer with increasing temperature (Shiah and Ducklow, 1994), the influx of terrestrial 
OM may be linked to tributary flow rates that tend to be highest in the spring. As 
integrators of water column processes occurring over periods of a few days to months, 
surficial sediments may contain a key record that can improve our understanding of 
estuarine carbon cycling and the influence of eutrophication and water column anoxia. 
Further, in order to interpret the paleo-record of environmental change contained in 
sediment cores, we must first understand to what extent water column processes are 
recorded in surficial sediments and how OM is cycled within this zone prior to long-term 
preservation.
Lipid biomarkers have the potential to identify the major sources and timing of 
OM delivery to, and remineralization in sediments. Due to their structural diversity, 
source specificity and relative stability, lipid biomarkers have proved to be useful tools 
for assessing the sources and fates of OM to marine (Prahl et al., 1994; Wakeham and 
Canuel, 1988), coastal (Dachs et al., 1999; Yunkeret al., 1995), and estuarine systems 
(Canuel et al., 1995; Laureillard and Saliot, 1993; Mudge and Norris, 1997). Previous 
studies examining estuarine OM composition using biomarkers have been carried out at 
various spatial and temporal scales. The goal of this research was to examine spatio- 
temporal variability in the quantity and quality of OM deposited to estuarine sediments 
over seasonal time-scales and estuary-Iength spatial scales. Because of the size and
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complexity of data sets of this type, some form of multivariate data analysis is necessary 
to deconvolute the dominant sources of variability. Principal components analysis (PCA) 
is such a tool and has been used successfully on organic and inorganic chemometric data 
(Meglen, 1992; Mudge and Norris, 1997; Yunkeret al., 1995). Another advantage of this 
form of data analysis is that the variance associated with a single variable can be 
apportioned between a number of factors. The source specificity of certain biomarker 
compounds or compound groups can, therefore, be evaluated and non-specific 
distributions can be incorporated into the interpretation of OM compositional 
distribution.
This study was carried out in Chesapeake Bay (CB), the largest estuary in the 
United States with a drainage basin that encompasses an area (165,760 km2) from 
southern New York state to western Virginia. A number of major tributaries flow into 
CB but the Susquehanna River, at the head of the Bay, contributes the majority of the 
freshwater (60%) and dissolved inorganic nitrogen (80%) entering the Bay (Harding and 
Perry, 1997). Surface sediments were collected and water quality parameters were 
measured along a transect from the head to the mouth of CB seasonally over two years. 
Lipid analyses of cultures of common algal species in CB were carried out to develop 
compositional indices to aid in assessing algal group contributions to the sediment OM.
In the present study, carbon and nitrogen stable isotopic and elemental signatures and 
lipid biomarker compounds (fatty acid and sterols) are used to identify the variations in 
the sources, quality and amount of OM deposited to CB surface sediments and attempt to 
identify the dominant estuarine processes that potentially control their distribution.




The majority of surface sediment samples were collected during five cruises, 
OMNI 1-5, on November 6-9, of 1995, and March 11-15, April 29-May 1, July 9-11, and 
September 24-26, of 1996, respectively. Samples were collected from twelve sites along 
the central axis of the Chesapeake Bay mainstem (Figure 1, Table 1). Additional samples 
were collected during 1995 and 1997 from stations CB5.4 and CB6.3 in order to assess 
interannual variability in OM composition at these sites. Surface sediments were 
collected using a box corer (Ocean Instruments, San Diego, CA). Water overlying the 
sediments was removed by siphon and the upper 0.25 cm of sediment was transferred to 
pre-combusted (450°C for 5 hours) glass jars using a solvent-rinsed spatula. Benthic 
organisms and sediment surrounding worm tubes were excluded from collection. 
Sediment samples were stored on ice while aboard ship and transferred to an ultracold 
freezer (-80 °C) for storage upon return to the laboratory. Details regarding collection, 
handling and processing of water column particulate material can be found elsewhere 
(Canuel and Zimmerman, 1999). Water column information was collected at each site 
using a conductivity-temperature-depth (CTD) continuous profiling instrument with an 
oxygen electrode and in vivo fluorometer (Curling and Neilson, 1994). Water for 
chlorophyll a (chi a) measurements was pumped from 1 m below the water surface and 1 
m above the sediment surface from tubing attached to the CTD and collected onto 47 mm 
GF/AE frlters that were frozen immediately. Additional water column data and primary 
productivity rates were obtained from the website of the CB Water Quality Monitoring 
Program (WQMP: http://cobia.chesapeakebay.net) and from The University of Maryland 
TIES monitoring program (J. Hagy, pers. comm.). The data obtained from these sources 
were collected at times within two to four days, and at locations within a few miles of the 
sample sites of this study.
Bulk Chemical Analyses
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
17
Filters for chi a measurement were ground and extracted in 90% acetone. 
Absorbances of the extracts were measured with a UV/VIS scanning spectrophotometer 
(Milton Roy Spectronic 1201) and chi a and phaeopigment concentrations calculated as 
described in Parsons (1984). Sediments were analyzed for total organic carbon (TOC) and 
nitrogen (TN) content following the methods of Hedges and Stem (1979). Dried 
sediments (65°C for 3 days) were ground and then transferred (about 20 mg) to 
precombusted silver capsules. Samples were then acidified to remove inorganic carbon 
with two drops of high purity 10% HC1 in each capsule or until no further CO, release 
was visible. After drying again, the samples were analyzed using a Carlo Erba NA1500 
elemental analyzer.
Dried and acidified sediment samples (IS to 130 mg, depending upon TOC and 
TN content) were placed in acetone-rinsed tin capsules and sent to the University of 
California, Davis-Stable Isotope Facility for isotope ratio mass spectrometric analysis 
using a continuous flow system with on-line sample combustion (Europa Scientific 
Integra). Carbon and nitrogen isotopic values are expressed in standard delta notation 
relative to PeeDee Belemnite and atmospheric nitrogen standards, respectively. Both 
elemental and stable isotope samples were analyzed in duplicate. A third sample was 
analyzed if duplicates did not agree within 10%. Sediment surface area was determined 
by BET analysis (Micromeritics, Gemini HI 2375 Analyzer) i.e. N2 adsorption below 
saturation pressure using multi-point adsorption isotherms with pure kaolinite serving as 
a standard. Sediment surface area data for November, 1995 sediments were provided by 
Dr. L. Mayer (University of Maine) and were comparable to our measurements.
Organic Chemical Analyses
The lipid composition of sediments from nine stations were analyzed within one 
year of each cruise. Sediments were thawed, homogenized and transferred (10 g wet 
weight) to precombusted glass jars with 75 ml chloroformrmethanol (2:1, v:v) solution. 
Arachidic acid myristyl ester, methyl nonadecanoate and nonadecanol were added as 
surrogate standards and the sample jars were sonicated in an ice bath for 10 min using an 
ultrasonic probe (5 min pulsed mode; 5 min continuous). Samples were refrigerated
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overnight (subsequent extractions were performed over 1-2 hr periods). The following 
day, samples were centrifuged (1500 rpm for 12 min) and the supernatant fluid was 
decanted into separatory funnels. The chloroformrmethanol solution was renewed (60 
ml) and the ultrasonic extraction, centrifugation and decantation repeated. A 70 ml 
solution of 20% saturated NaCl in hexane-extracted water and 45 ml methanol was then 
added to the combined extracts so that the final proportions were 
chloroform:methanol:water (2:2:1.8 by volume; Bligh and Dyer, 1959). Samples were 
shaken and allowed to separate into two phases (2 hrs) and the organic (lower) phase was 
collected. Two additional extractions were performed (the final extraction with 
chloroform only) and the combined organic phases were refrigerated overnight over 
anhydrous Na,S04 to remove traces of water.
The extract was concentrated to 1 ml using turbo-evaporation (Zymark Turbo Vap 
500) and a portion of the lipid extract equivalent to 1 mg total lipid was transferred to a 
centrifuge tube for saponification. After evaporating to dryness under N,, 3 ml IN KOH 
was added and the tubes were flushed with N, for 5 minutes, sealed, capped and heated 
for 2 hours at llO'C. The saponified lipid was extracted three times into 5 ml hexane (1 
min shaking and 1 hr separation between each) under basic and acidic (3N HC1 added 
until pH=2) conditions yielding neutral and acidic lipids, respectively, which were 
refrigerated overnight over anhydrous Na,SO,. The acids were evaporated to dryness 
under N, and 3 ml 3% BF3-CH3OH was added to convert fatty acids (FA) to their 
respective methyl esters (1 hr at 85°C). After cooling, fatty acid methyl esters (FAMEs) 
were extracted into 5 ml hexane (3x). FAMEs and neutral lipids were each separated 
using a glass column filled with silica gel (1 g) and solvents of increasing polarity. 
FAMEs were eluted with 5 ml portions of 5% and 10% ethyl acetate in hexane and sterols 
with 5 ml portions of 15% and 20% ethyl acetate in hexane (Canuel and Martens, 1993; 
Wakeham and Canuel, 1990). After evaporating to dryness under N,, the sterols were 
converted to trimethylsilyl (TMS) ethers using bis(trimethylsilyl)trifluoro-acetamide 
(0.25 ml) and acetonitrile (0.5 ml) and heating for 15 min at 70°C.
Fatty acid methyl esters (FAME) and sterols (as TMS ethers) were analyzed by 
gas chromatography using direct injection of about 1 id sample onto a 30 m x 0.32 mm
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i.d. DB-5 fused silica capillary column with a flame ionization detector (J & W 
Scientific). Sample injection temperature was 60aC followed by a fast ramp to 1 ICC 
(FA) or 225°C (sterols). A He flow rate of 2.3 ml min ‘ was used and temperature was 
increased by 3°C min'1 to 110°C for FAME and to 280°C for sterols. Individual peaks 
were identified based on relative retention times of known standards and peak areas were 
quantified relative to internal standards added just prior to GC analysis (methyl 
heneicosanoate for fatty acids and 5a(H)-cholestane for sterols). Compound 
identifications were confirmed by gas chromatography-mass spectrometry (Hewlett 
Packard 6890 Series Gas Chromatograph-Mass Selective Detector). The GC-MSD was 
operated at 70 eV and spectra were acquired over the 50-550 a.m.u. range.
Algae Cultures
Representative algal species from numerically dominant classes of algae present 
in CB were selected for lipid composition analysis. Alga monocultures were grown 
axenically at room temperature under a constant light source. Initial inocula were 
provided by the Virginia Institute of Marine Science Aquaculture facility and by the 
Maryland Center for Environmental Science. Monocultures were started in 250 ml 
prefiltered and autoclaved water from the lower CB (salinity of 22) with added N, P, and 
N, P and Si for diatom cultures (1 ml L'1 F/2 medium; Guillard, 1975). After one week 
the cultures were scaled up to 2 L for an additional week and were gently shaken each 
day. An inverted microscope was used to check that the cultures contained the single 
algal strain and few bacteria prior to filtration under a gentle vacuum onto precombusted 
25 mm and 47 mm diameter A/E glass fiber filters for elemental and lipid analysis, 
respectively. Filters for lipid analysis were placed immediately into 
chloroformrmethanol (2:1, v:v) solution and were processed similarly to sediment 
samples.
Data Analysis
Data were analyzed statistically using MiniTab (MiniTab Inc.: release 12.1,
1998) software. Most standard statistical tests (i.e. parametric) require that the data are
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normally distributed and display homogeneity of variance. In some cases, our data 
violated these assumptions. In these cases non-parametric analysis was employed in 
addition to parametric analysis. Within MiniTab, the "General Linear Model’ analysis of 
variance (ANOVA) was used. A Tukey pairwise comparison test and the non-parametric 
test for difference of medians (Kruskall-Wallis Test) was used to test the effects of 
region, season, water column productivity, and DO level. The following blocking terms 
will be applied throughout this chapter. Regions were blocked as follows based on 
salinity zonation, tidal regime and sediment-type similarity: SUS and 922Y (North Bay), 
sites between 904N and 8 I8P (Upper Mid-Bay), 804C and CB5.4 (Lower Mid-Bay), and 
sites between CB6.3 and CB8.1 (South Bay). Seasons were blocked as follows: March- 
May (Spring), June-August (Summer), and September-November (Fall). Water column 
productivity was blocked as follows: 0-15 (Low), 15-50 (Medium) and >50 (High) mg C 
L'1 hr1. DO concentration was blocked as follows: 0-2 (Anoxic), 2-5 (Hypoxic) and >5 
mg L 10,(Oxic). Interdependence of variables was tested using MiniTab software that 
calculates the Pearson product moment correlation coefficient to measure the degree of 
linear relationship and performs a two-tailed test of the correlation.
PCA was also employed to reduce the complexity of the data set (i.e. identify a 
small number of variables that account for a large proportion of the total variance in the 
original variables). The PCA method projects the multidimensional space of the data 
onto a space of fewer dimensions (Zitco, 1994). The orthogonal axes of this new space 
are the ‘principal components’ that can, themselves, be described by a linear combination 
of the original variables. The principal components of the data can help to explain the 
underlying data structure (i.e. relationships among samples or variables). Descriptions of 
the mathematics and interpretation of PCA can be found in Meglen (1992) and 
Preisendorfer (1988). The effects of closure (interdependence of variables) were 
minimized by normalizing individual compounds to total FA (weight %FA) and to total 
sterols (weight %ST); not all the variables of either class were used. The effects of 
closure were further minimized by selecting variables for PCA with mean values and 
standard deviations of roughly the same magnitude (Johansson and Sjodin, 1984).
MiniTab software automatically standardizes the variables by subtracting the mean and
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dividing by their standard deviation and then calculates the principal components using 
the normalized correlation matrix.




Chi a concentrations usually ranged from <1 to 20 L l in surface (1 m below 
surface) and deep (1 m above bottom) waters during the study period (Table 1). 
However, a number of chi a concentrations >20 pg L'* were recorded, all of which 
occurred during spring samplings (March and April). Maximum chi a concentrations 
were generally found in the surface waters of the Mid-Bay as previous studies have 
observed (Fisher et al., 1998; Fisher et al., 1988) and can likely be attributed to 
phytoplankton utilization of riverine nutrients downstream of the turbidity maximum. 
Our surface chi a concentration measurements were positively correlated with those of 
the CB WQMP so data from this source were used in statistical analysis when chi a was 
not determined on our cruises. Rates of surface water primary productivity (WQMP, 
1999) ranged from 1 to 190 )tg C L'1 hr'1 (mean ± std. dev. = 32 ± 37 ^g C L 'h r1) but 
were generally highest in the Mid- and northern portions of the Bay and during the 
summer and fall. Chi a concentration in surface waters was not correlated with that of 
deep waters but was correlated with primary productivity in the surface waters (Table 2). 
As is characteristic of CB, water column integrated chi a concentration (phytoplankton 
biomass) exhibits a distinct maximum in the spring (Feb.-April) while primary 
productivity rates are highest in the summer (Figure 2a; Malone et al., 1988). The flow 
record of the Susquehanna River during the period of this study is shown in Figure 2b 
along with dates of sampling. While 1995 and 1997 were relatively dry years with low 
freshwater discharge (average daily flow at Conowingo, Md. of 794 and 841 mV, 
respectively) leading to lower nitrogen loads and a reduced spring bloom, 1996 water 
inflow was at a record high (average daily flow of 1797 mY) and led to a dramatic 
spring bloom event (Harding and Perry, 1997). Hypoxic or anoxic bottom water 
conditions were recorded during every summer sampling (June-August) at sites 858 
through CB6.3 and occasionally in September as well (Table 1). Because high water 
inflows enhance vertical stratification, the anoxic water volume of the Bay was greater 
during the summer of 1996 than 1995 or 1997 (WQMP, 1999). This stratification also
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restricts phytoplankton to the surface waters of the Bay (Malone, 1992). Thus, we find 
that bottom water oxygen concentration is directly correlated with deep-water chi a 
concentration (r = 0.42, p = 0.011). Figure 2 demonstrates that a wide range of 
hydrodynamic and biological conditions were captured in our sampling, providing 
optimal conditions for observing temporal variability in OM supply and composition.
Sediment Elemental Composition
Surface sediment TOC concentrations (Figure 3a) displayed a range of values (0.3 
to 5.0%) with the lowest values found in the sandier southern portion of the Bay (CB6.3, 
CB 7.3 and CB8.1) and the northernmost station (SUS). In general, the highest TOC 
values were found in the mesohaline portion of the Bay from station 922Y to 804C. TOC 
concentrations exhibited greater spatial than temporal variability. Analysis of variance 
(ANOVA) found no significant difference between the mean TOC blocked by season or 
DO level in the Whole-Bay or Mid-Bay-only data sets. However, the regional 
differences in TOC concentration were significant (p < 0.001) with the highest found in 
the Upper Mid-Bay and the lowest in the South Bay. No significant interaction was 
found between these factors. A similar result was found using the non-parametric test for 
difference of medians (Kruskall-Wallis Test). Although TOC was significantly 
correlated with surface water productivity (r = 0.43; Table 2), the strongest relationship 
was found between TOC and sediment surface area (r = 0.80). The correlation between 
TOC and productivity may be spurious, however, since no significant relationship 
between these variables was found when examining site CB5.4 or the Mid-Bay data 
alone. Like TOC content, sediment surface area displayed little seasonal (examined at 
site CB5.4 only) but significant (p = 0.004) regional variability (Table 1, Figure 3a).
Surface sediment TN concentrations displayed distributions very similar to that of 
sediment TOC except at site 922Y where TN content matched the low TN values of SUS 
to the north rather than the high values of the Mid-Bay sediments to the south. The 
elemental ratio of TOC to TN expressed on a molar basis (CrNJ is consistently between 8 
and 10 in most of the Bay (Figure 3b), indicative of a mainly algal OM source (Meyers, 
1994). Elevated C:N, ratios of between 14 and 22 at the two northern sites, and 11 to 12 
at CB6.3 may indicate some contribution of OM derived from terrestrial sources or older
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reworked material. TN was correlated with TOC (Table 2: r = 0.86) and the distribution 
of TN was found to be significantly influenced by the same factors as TOC (i.e. sediment 
surface area, but not water column productivity) and was not seasonally variable.
Sediment Stable Isotope Composition
A distinct stable isotope signature (Sl3C and 8I5N) was found for surface sediments 
in each region of the bay (Figure 4). Northern Bay surface sediments had the most 
depleted carbon (-25 to -26 %o) and nitrogen isotope (5.5 to 6.5 %o) signatures consistent 
with some contribution from terrestrial or vascular plant sources. The 5I3C signature of 
the surface sediment increases progressively southward through the estuary while the 5>5N 
signature is most enriched in the Upper Mid-Bay and then decreases southward. No 
seasonal trends or oxygen level dependence (ANOVA) were noted in the isotope data. 
Although 5>3C values were significantly depleted at sites with high overlying water 
column productivity (p =0.002) in the Bay as a whole, this relationship did not hold up 
for Mid-Bay only sites. Both 5I3C and 5I5N were negatively correlated with the C:N, ratio 
and 8,5N was positively correlated with sediment TN concentration (Table 2).
Sediment Lipid Composition
Sixty-five individual fatty acids (FA) and twenty-four sterol compounds were 
identified in CB surface sediments representing a range of OM sources (Table 3). The 
compound or compound groups listed in Tables 4 and 5 were used for interpretation and 
were selected because of their greater relative abundance, confidence in identification and 
because unambiguous source assignments could be made (i.e. they are biomarkers for 
likely contributors of OM to CB sediments). The FA listed in Table 4 represent an 
average of 58 ± 7% of the total FA composition in each sample. Total FA abundances 
ranged from 12 to 618 pg g ' dry sediment with the highest concentrations in the Upper 
Mid-Bay and Lower Mid-Bay (mean ± s.d.= 471 ±211 pg g 1 and 290 ± 160 pg g'1, 
respectively) and the lowest in the North and South Bay (82 ± 35 pg g'1 and 47 ± 43 pg 
g ', respectively). The high standard deviation among these concentrations is not 
surprising given the substantial variability in environmental parameters and sediment
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
25
type represented within the data set. On average, FA consisted of 43 ± 8% saturated, 37 
± 5% monounsaturated (MUFA), 10 ± 6% polyunsaturated (PUFA) and 10 ± 4% 
branched FA (BrFA) with the greatest proportion of PUFA (biomarkers for ‘fresh’ 
plankton) and BrFA (bacterial biomarkers) found in the middle regions of the Bay.
Total sterol concentrations ranged from 4 to 276 pg g'1 sediment (Table 5) and 
were distributed similarly to total FA. Again, the highest concentrations were in the 
Upper Mid-Bay and Lower Mid-Bay (mean = 198 ± 52 pg g'1 and 106 ±71 pg g l. 
respectively) and the lowest concentrations found in the North and South Bay (mean = 33 
± 23 pg g 1 and 10 ± 5 pg g '\ respectively). The sterols listed in Table 5 represent 50-84% 
(mean = 68 ± 8%) of the total sterols present in the sediments. In addition to the sterols 
listed, 24-norchlolesta-5,22-dien-30-ol, 5a(H)-cholest-22-en-30-ol, 24-methyIcholest-22- 
en-30-ol, 24-ethyl-5a(H)-cholest-30-ol, and 23,24-dimethylcholesta-5,22-dien-30-ol 
were present at quantifiable (> 0.1 pg g'1) levels. The sterol compounds were comprised 
of Cr , Ca , and Cs  moieties in the average proportions of 25%, 32% and 26%, 
respectively. The greatest relative proportion of Cs  sterols (generally of vascular plant 
origin) were found consistently in the North Bay while the greatest proportion of G, 
sterols (plankton sources) were found generally in the Mid-Bay. Cr  sterols (often 
zooplankton sources) represented a more constant proportion of total sterols throughout 
the Bay.
When expressed in units of pg g ‘ dry sediment, nearly every FA and sterol 
compound and group concentration was positively correlated with every other FA and 
sterol (except the even-numbered long-chain saturated FA and alcohol components). In 
addition, each of these was directly correlated with sediment TOC, surface area and, in 
many cases, surface water chi a concentration. Thus, these relationships are driven by the 
total OM input variations to each region of the Bay. An alternative way to examine the 
spatial and temporal patterns of OM composition (i.e. OM sources and reactivities) is to 
normalize the lipid concentration of each sample to its TOC content. This allows for 
between-site comparisons of OM sources while removing the effects that depositional 
regime and sediment type may exert on mass-normalized concentrations. TOC 
normalized FA and sterol biomarker concentrations from autochthonous OM sources
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(phytoplankton, zooplankton and bacteria) are distributed similarly to total FA and total 
sterol concentrations, respectively (Figure 5).
Compounds shown in Figure 5 are representative of the dominant OM source 
types in CB. The coefficient of variation of these regionally grouped compound 
concentrations are generally 50 to 60% with the standard deviation representing the 
greatest proportion of the mean in the North Bay (45%) and the least in the Upper Mid- 
Bay (63%). Despite large variability, most of the autochthonous OM biomarkers, as well 
as total sterol and FA concentrations are significantly (p > 0.0S) depleted in the North 
Bay relative to the rest of the Bay. Total sterol and sterol compound concentrations tend 
to decrease from the Upper Mid-Bay southward. TOC normalized total FA and FA 
compound concentrations are enriched equally in the Mid- and South Bay or increase 
southward (particularly for PUFA groups). Apparently, the processes which govern the 
enrichment and depletion of individual FA and sterol compounds also exert a similar 
influence on FA and sterols as a whole. No seasonal trends in TOC normalized sterol 
distributions were observed but TOC normalized PUFA concentrations (reflective of 
labile OM) tended to decrease from the spring through the Fall (Figure 6) both in the Bay 
as a whole and in each region of the Bay. The coefficients of variation of these 
seasonally grouped compound concentrations are, also, generally between SO and 60%.
A third way to elucidate spatial and temporal patterns of OM source variability is 
to examine biomarker compositions expressed on a relative percent basis. Each FA or 
sterol compound or group is expressed as a weight percent of total FA or total sterol, 
respectively. One advantage of this approach is that, due to variation in extraction 
efficiency, a compound’s relative abundance can be known more accurately than its 
absolute concentration. Also, small changes in OM source contribution may be more 
easily detected since lipids often make up only a small fraction of the TOC.
By omitting one or more variable, the data set was made independent, thus, 
meeting the assumptions required for PCA (see Methods-Data section). The utility of 
this approach can be appreciated through an examination of correlations among the 
variables expressed on a weight percent basis. For example, now only the hopanols 
(SHOP) are significantly positively correlated with TOC. Terrestrial biomarkers (LCFA,
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240H, 29A5.22 and 29A5) are ail significantly and positively intercorrelated (and are not 
generally correlated with the algal biomarkers) thereby supporting their source 
assignment. Campesterol (28A5) is not correlated with any other variable so it is 
probably derived from a mixture of OM sources in this system. The relative abundance 
of the bacterial markers 15,17Br and lOMeBr are significantly correlated with one 
another but are not correlated with IHOP. SHOP is correlated, instead, with the 
dinoflagellate markers 30A22 and 30A0 (p = 0.002 and p = 0.033, respectively). It may 
be that the hopanols are mainly derived from a distinct bacterial group such as 
cyanobacteria, which are enriched in hopanols (Rohmer et al., 1984; Summons et al.,
1999), and may be similarly distributed in space and time as dinoflagellates. The two 
zooplankton indicators, 27A5 (cholesterol) and 27A5.22, are significantly correlated (p = 
0.048) but cholesterol is also correlated with 28A5.22 (p = 0.002) indicating that 
cholesterol may be strongly associated with diatoms as well. Most of the algal lipid 
biomarkers are significantly intercorrelated. Of note, however, is the lack of correlation 
between 22:6(t)3 and either of the dinoflagellate indicators, 30A22 or 30A0, suggesting 
there may be an alternative or additional source for 22:6co3 in this system.
The average relative abundance of 29A5,29A5.22, LCFA and 240H, all of which 
are likely derived from higher plants, is greatest in the Northern region of CB (Figure 7; 
Table 5). Cholesterol and 27A5.22, both derived in large part from zooplankton, show a 
trend indicating enrichment in both the North and South Bay. Many of the algal 
biomarkers (28A5,24(28), 30A22,30A0, L6:lo)7,22:6co3) are enriched in the Mid-Bay 
region along with the hopanols (bacterial origin, Table S). Other biomarkers derived 
from similar sources such as 20PUFA and 22PUFA from plankton and 15,17Br from 
bacteria are most enriched in the South Bay sediments. Seasonal trends in the relative 
percent abundance of most of the biomarker compounds were not apparent due to the 
high degree of variability within each season for each region of the Bay. However, 
20PUFA, 18PUFA and 16MUFA were clearly enriched in the spring sediment samples 
and 28A5,24(28) and 29A5,24(28) were enriched in the spring and summer.
Algal Monocultures
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The FA and sterol compositions of monocultures of algal groups commonly found 
in CB are listed in Table 6 (and complete data in Appendix IX). Although the fatty acid 
or sterol composition of some of these species have been published by others (e.g. 
DeMort et al., 1972; Nichols et al., 1984; Volkman et al., 1989), they may not 
comparable because of the various culturing and analytical methods used by different 
laboratories. These analyses generally support the source assignments for the lipid 
biomarkers listed in Table 3. The absence of bacterial lipid biomarker compounds in 
these analyses indicates that no bacterial contamination had occurred. Of the terrestrial 
markers, only 29A5 was present in significant amounts in any of the algal cultures (T. 
weissflogii and C. capsulata). Campesterol (28A5) was found to be abundant in a variety 
of algal species excluding the use of this compound solely as a terrestrial marker in this 
system. Of the species cultured, only the dinoflagellate P. minimum contained significant 
amounts of 30A22,30A0. The 22:6(1)3 compound, although most abundant in the 
dinoflagellate, was also present in the prymnesiophyte and some of the diatom species. 
Each of the three diatoms cultured were enriched in 20PUFA and 16MUFA, particularly 
20:5(i)3 and I6:l&)7, to a greater extent than the other algal cultures but only the 
chaetocerid diatom contained 29A5,24(28). Non-diatom species, particularly the green 
flagellates, were more enriched in 18MUFA. Both 28A5,22 and 28A5,24(28) were found 
to be quite abundant in algae other than diatoms so the specificity of these markers must 
be re-examined for use in this system. A significant amount of cholesterol (27A5) was 
present in the Chaetoceros culture indicating, as others have shown (Volkman, 1986), 
that cholesterol may derive from phytoplankton as well as zooplankton sources. Because 
of the mixed origin of many of the biomarkers, a statistical approach that apportions the 
variance of each compound and assesses their distributions in combination was used to 
identify endmember contributors of OM to the surficial sediment.
Principal Components Analysis
The high degree of spatial and temporal variability in surficial sediment OM 
composition represented by this data set is clearly demonstrated by the large standard 
deviations and coefficients of variation in seasonal and regional composition (Figures 5,6
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and 7). PCA was carried out in an effort to reduce the complexity of the data and to 
discern geochemical trends. PCA was applied to the weight percent normalized data 
matrix of 26 variables (those listed in Table 3 except for ZFA and 1ST) and 49 
observations (samples). We found the PCA model to be robust in that similar results 
were obtained when the number and type of variables used or the normalization 
procedure was altered. Further, Q-mode factor analysis produced similar results.
Although each of the first three principal components (PCs) explain more of the variance 
in the data than any of the variables alone (eigenvalues of 6.1, 3.9, and 3.4, respectively), 
they only account for 24, 15 and 13% of the total variance in the data, respectively. A 
good deal of variability is left unaccounted for which attests to the large number of 
factors that contribute to the high variability of OM composition in this system.
However, these three PCs, which together represent 52% of the variability, do seem to 
represent geochemically interpretable factors. Factor coefficients (or loadings) are 
correlation coefficients between each variable and each PC (Table 7a). Positive loadings 
indicate a direct relationship and those with the greatest absolute magnitude have the 
greatest influence on the PC. In these results, no variable was highly loaded (factor 
coefficient > 0.7) indicating that the distribution of no variable is completely or mainly 
ascribed to the influence of a single PC.
Variable Loadings - By plotting the loadings of the 27 variables on PCI and PC2 (Figure 
8) a geochemical interpretation of the underlying causes of variance in the data can be 
made. Biomarkers with similar geochemical associations project close to one another in 
the PC coordinate space. PCI is most negatively loaded (loading > |0.2|, bold font in 
Table 7a) on variables of algal origin. In addition to their source specificity, the 
reactivities of total PUFA, 16PUFA, 20PUFA and 22PUFA indicate that PCI also 
represents an aspect of OM lability as these groups are a more readily degraded class of 
organic compounds. Negative loadings on PCI may also indicate greater OM 
contributions from diatoms. Compounds derived from diatoms (versus non-diatom algae) 
tend to be more negatively loaded on PCI such as 16PUFA relative to 18PUFA and 
16MUFA relative to 18MUFA. The compounds with positive loadings on PCI
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(quadrants I and II) are of mixed origin (i.e. terrestrial, zooplankton, dinoflagellate and 
bacterial) and tend to be more geochemically stable than the negatively loaded 
compounds.
PC2 is most positively loaded (loading > |0.2|) on 240H and LCFA, variables 
proposed as terrestrial-source indicators. Though not as heavily loaded, sitosterol (29A5), 
campesterol (28A5) and stigmasterol (29A5.22) also plot in quadrant I. This may indicate 
at least a partial terrestrial origin for these compounds. Compounds with negative 
loadings on PC2 are algal and at least partially non-diatom-derived. 18PUFA and 
16:la)7, for example, are likely of a mixed diatom and non-diatom origin (also shown in 
algal cultures; Table 6). Again, a close association between hopanol (possibly of 
cyanobacterial origin) and dinoflagellate sterols (30A0,30A22) is indicated.
PC3 is most heavily loaded on the bacterial OM indicators lS,17Br, lOMeBr and 
IBrFA (loading of 0.38,0.39 and 0.41, respectively; Table 7a). PC3 was not closely 
associated with hopanol (loading of 0.05), which may be further evidence of a 
cyanobacterial rather than heterotrophic bacterial source for hopanol, but it does have 
high loadings on 30A0. 4a,23,24-trimethyl-5a(H)-cholestan-3P-ol is a stanol compound 
that can be formed by the microbially mediated reduction of sterols and often occurs at 
oxic-anoxic boundaries in the water column (Wakeham, 1989). However, 30A0 can also 
be directly synthesized by some plankton including a freshwater dinoflagellate (Robinson 
et al., 1984). The strong PC3 association with 30A0 as well as the positive correlation 
between 30A0 and 15,17Br, lOMeBr (p=0.009 and p=0.042, respectively) suggest that 
PC3 may be a component representative of OM deposited from an anoxic or hypoxic 
water column or at least relatively large OM contributions by anaerobic bacteria. These 
PC interpretations can be corroborated through an examination of the PC scores on each 
of the samples in the data set.
Observation Scores - The PC scores indicate the position of the samples in the 
coordinates of the PCs and represent the relative influence of each component on the 
sample composition. All of the samples from sites SUS (#1-4), 922Y (#5-9) and CB7.3 
(#40-44) have positive scores for PC2 (Table 7b) indicating that these locations are most
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influenced by allochthonous OM sources (Figure 9). Most samples from all other sites 
have negative PC2 scores suggesting that they are dominated by autochthonous OM 
inputs. Almost all fall samplings have positive PCI scores while spring samplings tend 
to have negative PCI scores (Table 7b). Of the seven samples with the most negative 
PCI scores (quadrants III and IV), six were collected in the spring of 1996 and four were 
collected in March 1996 indicating a predominance of diatom and/or labile OM 
composition at this time. The seasonal progression from diatom to non-diatom and/or 
labile to more refractory OM can most clearly be seen in the score plots of sites SUS, 
922Y and CB7.3 that, moving from left to right, progress from spring to summer to fall 
samplings. Some of the samples with the highest PC3 scores were those of the Mid-Bay 
collected during the summer when one would expect the contribution of bacterially- 
derived OM to be the greatest. However, no association was found between samples with 
high PC3 scores and bottom water oxygen concentrations and samples with high PC3 
scores can be found in all regions of the Bay and during all seasons.
PC scores for samples external to the data set can be calculated using their weight 
percent lipid data and the factor coefficients calculated using the surface sediment OM 
compositions of this data set. Following the method and equation of Dauwe and 
Middelburg (1998): sample score = Zj[(var1 - avg. var^/std devjfac.coeff,, where each 
standardized variable, i, is calculated and then multiplied by the appropriate PC 
coefficient. Applying the algal monoculture data set to these calculations, the results 
indicate that all pure algae cultures have negative PCI scores (Table 7c) as one would 
expect of fresh algal matter. Diatom and C. isocrysis scores are the lowest and the green 
flagellates plot closer to the origin. Most pure algae samples have negative PC2 scores as 
expected for autochthonous sources. However, the positive PC2 scores for Tetraselmis 
and Dunaliella cultures may indicate some chemical commonality with the allochthonous 
signal. Negative PC3 scores for most of these cultures indicate the presence of little 
bacterial OM. We also tested our model with lipid data from surface water column 
particulate matter collected at site 922Y. This site was chosen because of the large 
temporal variability in its particulate composition. The PCI scores of 922Y particulate 
matter samples (Table 7d) are negative for samples collected in the spring during periods
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
32
of high chlorophyll concentration indicating an OM composition of fresh algal material. 
They are more positive during the fall indicating, perhaps, a mixture of more degraded 
algal material. Positive PC2 and negative PC3 scores indicate some terrestrial OM 
influence, which varies in amount through the year, but little bacterial inputs, 
respectively. These samples validate the interpretation of these PCs as indicators of OM 
source and lability and their ability to represent both spatial and temporal variations in 
surficial sediment OM composition.
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DISCUSSION
Spatial Variation of Organic Matter Composition
As has been found in other studies (Canuel and Zimmerman, 1999; Harvey and 
Johnston, 1995), the OM in CB sediments is mainly autochthonous in origin, 
predominantly derived from a mixture of phytoplankton, zooplankton and bacteria. 
However, stable isotope and lipid analysis reveal substantial spatial variability in the 
distributions of these autochthonous OM sources as well as a contribution of 
allochthonous OM to certain regions of the Bay. PC2, identified by PCA as a suite of 
lipid biomarkers most positively loaded on those derived from higher plants and most 
negatively loaded on general algal markers most clearly represents this spatial variability. 
Though PC2 scores were correlated with 5lJC (r = -0.40, p = 0.009) and 815N (r = -0.58, p 
< 0.001), they were best correlated with C:Nt (r = 0.73, p < 0.0005). Station 922Y in the 
North Bay, with the highest PCA scores and C:N, and the most depleted 8I3C and 8t3N 
signatures, is clearly a site of terrestrial OM deposition. Station SUS, just north of 922Y, 
has slightly lower PC2 scores and C:N, (indicating less terrestrial OM influence) but has 
a slightly more depleted 813C signature (Figure 4). We can only hypothesize that the 
hydrodynamics and bathymetry of these two sites differ (as indicated by the much lower 
surface area and TOC content at SUS) such that the type of terrestrial OM deposited at 
these two proximal sites differs somewhat.
Site CB7.3 also had high PC2 scores but does not have stable isotope or C:N, 
signature indicative of vascular plant input. It has low sediment surface area and TOC 
content but relatively high contributions of labile algal-derived material (negative PCI 
scores and high PUFA content). A possible explanation is that this site receives OM with 
13C-enriched carbon (e.g. seagrasses and C4 plants like the marsh macrophyte Spartina 
spp. or from benthic diatoms; 8 '3C = -12 to -13 %o and -14.9 %o, respectively; Stribling 
and Cornwell, 1997). The macrophyte OM contribution may not be reflected in higher 
C:Na signatures because it is balanced by a contribution of algal material with very low 
C:N,, possibly living benthic diatoms. The absence of fine grain sediment accumulation 
may also make CB7.3 a preferred site for benthic diatoms. It has been shown that
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convergent residual eddies persist in the region of site CB7.3 that result in high 
particulate concentrations and downweiling currents (Hood et al., 1999). Ocean-derived 
undegraded phytoplankton OM may be trapped at this site along with terrestrial OM 
(possibly from the James R. and York R.) that is often associated with coarse sediments 
(Prahl et al., 1994). Though there remain a number of explanations, it is clear that 
sediment OM at site CB7.3 is geochemically distinct and related to the unique 
hydrodynamics of this region of CB.
The distribution of bacterially-derived OM is reflected most clearly in PC3. The 
sample scores of PC3 are highly correlated with the carbon normalized concentrations of 
the biomarkers for sulfate reducing bacteria, 15,17Br and lOMeBr (r = 0.579, p < 0.0005 
and r =0.594, p < 0.0005, respectively). Although these biomarkers are not present in all 
sulfate reducers (Kaneda, 1991), they do occur uniquely in bacteria rather than plankton 
and vascular plants. OM from site SUS, however, contain a much lower than expected 
PC3 score based upon this relationship and its branched fatty acids composition 
indicating that SUS sediment lipid composition is unlike that expected for bacterially 
derived OM in CB as whole. This may be due to the presence of a different microbial 
population in these coarse nearly freshwater sediments of the North Bay or a contribution 
from a soil-derived bacterial component.
On a weight basis (jig g 1), the distributions of bacterial OM, as indicated by the 
branched FA and hopanols, are an order of magnitude greater in the Mid-Bay relative to 
the North or South Bay. As the 15N OM signatures were not seasonally variable (and 
therefore not related to primary productivity), we attribute the maximal values of the 
Mid-Bay to the intense biological processing of OM by the large microbial populations of 
this region. On a carbon normalized or relative weight percent basis, however, the 
bacterial lipids represent an equal or greater portion of the OM in the South Bay relative 
to the Mid-Bay (Figure 5). This is also indicated by the high PC3 scores in many South 
Bay sediments (Table 7b). The sediments of the South Bay likely support a relatively 
larger microbial population due to a higher proportion of fresh algal OM (indicated by 
higher PUFA concentrations and PCI scores). It may be that less degradation occurs 
prior to deposition in the shallow water column of the South Bay or that the strong tidal
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
35
circulation of this region provides an additional source of fresh algal material from 
outside the Bay (see discussion above).
Temporal Variation of Organic Matter Composition
PCI separated lipids of labile OM derived mostly from diatoms (negative 
loadings) from more refractory non-diatom-derived lipids (positive loadings). These 
results encapsulate the temporal variability of OM composition associated with seasonal 
cycles of algal ecology in CB. PCI scores were most strongly correlated with the total 
carbon normalized concentration of total PUFA (r = -0.82, p < 0.0005) and 20PUFA (r = 
-0.81, p < 0.0005) as well as individual PUFA compounds derived mainly from diatoms 
(e.g. 20:5to3; r = -0.81, p < 0.0005). Of the bulk parameters, PCI scores were best 
correlated with surface water chi a concentration (r = -0.45, p = 0.001 for our data; r = 
-0.43, p < 0.005 for WQMP data). The correlations between PCI scores and surface 
water chi a were significant when data from each region of the Bay was examined 
separately as well. The sediments of the Bay as a whole (Figure 6) and each region of the 
Bay generally receive the most labile algal OM material (lower PCI scores; Figure 10) 
during the spring (March 1996 in most cases). Exceptions were SUS sediments, which 
had slightly more labile OM deposited during September 1996 and M3 sediments, which 
exhibited very little temporal variability in any of the PCs. The sediments of another 
North Bay site, 922Y, were most enriched in labile OM during May and July of 1996.
A similar progression of the spring bloom from March in the South Bay to early 
April in the Mid-Bay to May-June in the North Bay was observed via chi a measurements 
in 1990 (Gilbert et al., 1995) and is known to generally occur. Given the correlation 
between PCI scores and surface chi a concentration and the coincidence with which these 
data track the progression of the spring bloom it appears that the delivery of fresh algal 
matter to the sediments is closely linked to the spring maximum in phytoplankton 
biomass, both temporally and spatially. A similar conclusion was reached by Kemp 
(1992) using chi a concentration measurements in sediment trap collected material. 
Furthermore, the lipid biomarker data support a conclusion that the main source of this 
spring sediment compositional change can be attributed to diatoms which, being larger in
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cell size as well as chain-forming, tend to sink from the surface layer faster than many 
other algal types (Buesseler, 1998)
A lag of roughly one month was observed in the relationship between tributary 
water volume inflow and chi a concentrations (Figure 2). This lag is also observed in the 
delivery of labile OM (PCI scores) to the sediments (Figure 10). The relationship 
between water volume and phytoplankton biomass has been attributed both to the 
delivery of new nutrients to the Bay (Malone et al.. L988) and to the enhancement of 
water column stratification which decreases the depth of the mixed layer allowing 
phytoplankton to receive more light (Pennock, 1985; Sharp et al., 1986). A component of 
interannual variability may also have been captured by the PCI scores for site CB5.4 
which show the greatest increase in fresh algal OM delivery immediately following the 
record flows of January-February 1996 relative to the lower flows in 1995 and 1997.
Some other workers have found correlations between chi a concentrations in CB and 
Susquehanna River flow with a one month lag (Harding and Perry, 1997; Malone, 1992) 
while others have not (Fisher et al., 1998). It is hypothesized that the timing of water 
inflow and other factors play additional roles in the dynamics of the spring bloom. While 
freshwater inflow and OM compositional changes appear to correspond during this study, 
we do not have the multi-year or multi-site data to support this general conclusion.
Other than the delivery of fresh diatom-derived OM to the sediments in the 
spring, no consistent Bay or region-wide seasonal trends in sediment OM composition 
were found. For example, the average PC2 or PC3 score for the whole Bay, or each 
region of the Bay separately, were not statistically different for each season due to the 
high site-to-site variability. However, in all regions, the highest average score for PC2 
was calculated for the fall period. The same was true for PC3 except for the North Bay 
samples where the highest average score occurred in the spring. In general, then, 
allochthonous and bacteria-derived OM makes up the greatest portion of sediment OM 
during the fall. This indicates that bacteria preferentially utilize the labile OM deposited 
during the spring through the summer and fall, converting it to bacterial biomass while 
more refractory allochthonous OM such as plant material becomes a progressively greater 
fraction of the remaining material. Fall enrichments in the terrestrial OM component may
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also be due to increased delivery during the secondary peak in water volume inflow that 
occurs at this time (Figure 2).
Dinoflagellate and Green Flagellate Spatial and temporal OM Distributions
Because none of the PCA components clearly and uniquely represent OM 
composed of specific non-diatom algal groups, a composite index (Cl) was calculated for 
dinoflagellate and green flagellate-derived OM. The Cl for dinoflagellates was calculated 
as the sum of z-scores (compound concentration minus mean concentration for all 
samples divided by the standard deviation of all samples) for 22:6a)3,30A22 and 30A0, 
while the green flagellate Cl is the sum of z-scores for 18MUFA and 28A5. These 
compounds were chosen based upon the algal monoculture lipid compositions of these 
algal groups (Table 6). The results were broadly similar, though not identical, whether 
weight percent or carbon normalized data was used in the calculations. In both cases, the 
greatest and most frequent positive dinoflagellate and green flagellate CIs were calculated 
for Mid-Bay samples (Table 7e). Both dinoflagellates and green flagellate-derived OM 
was enriched (as indicated by high CIs) in surface sediments at site M3 at all times but 
particularly during the summer and September of 1996. Other samples with the greatest 
enrichments in these OM sources include the fall samples for site 858, the summer and 
September samples for site 804C and the summer samples for CB5.4. Some 
contributions of these algal groups to the sediment record were also apparent in the South 
Bay, particularly during the spring.
These sediment OM distributions of dinoflagellates and green flagellate-derived 
OM generally correspond to reported temporal distributions, but only vaguely to the 
spatial distributions of these phytoplankton groups in the water column. While the 
chlorophytes are often a sub-dominant member of the spring bloom, both of these groups 
commonly exhibit mid-summer and autumn abundance maxima (Marshall and Alden, 
1993; Sellner, 1987). Dinoflagellates are often major portions of the fall phytoplankton 
assemblage as well (Sellner et al., 1991). Dinoflagellates are more abundant in the higher 
salinity waters of the Mid- and South Bay while the green flagellates have been found to 
be numerically more important in the North Bay phytoplankton assemblage (Marshall
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and Alden, 1993; Sellner, 1987).
An examination of a data set consisting of numerical counts of phytoplankton 
types in CB (NAS/ODU, 1999) indicates that there were blooms of dinoflagellates in 
October/December, 1995 and July-October, 1996. These blooms occurred mainly in the 
Mid-Bay and are reflected in the high CIs for dinoflagellates during these times. The 
highest green flagellate abundances occurred in the Spring of 1996 and from July through 
October, 1996 mainly at North and South Bay locations. Although the CIs indicate high 
green flagellate contributions to the sediments at these times, the location of these 
enrichments occur mainly in the Mid-Bay sediments. Their absence from the sediment 
record in the North and South Bay imply that these small-celled alga are transported to 
the deeper, more quiescent regions of the Mid-Bay or that they are preferentially 
preserved in the deeper, anoxic waters of the Mid-Bay. It is also interesting to note that 
the distribution of the hopanols (that are ascribed, at least partially, to cyanobacteria) is 
very similar to that of the green flagellates indicating either that we are unable to 
geochemically discriminate these algal groups or that the OM derived from these algae is 
similarly distributed in time and space in CB.
Environmental Influences on Surface Sediment OM Composition
During the period of this study a range in environmental conditions were observed 
including a wide range in phytoplankton biomass (as indicated by chi a concentration), 
water column primary productivity, bottom water oxygen and sediment types. This data 
provides an opportunity to examine the influence of these parameters on surface sediment 
organic composition. The close association between TOC and sediment surface area has 
already been noted (Table 2). The hydrodynamics of the Bay plays a key role in 
determining where the fine-grained material, and thus the fine-grain-associated organic 
material, is deposited. However, the TOCsurface area ratio is quite variable throughout 
the Bay and sediment surface area is not correlated with any of the chemical indicators 
(PCA scores and CIs) that serve as proxies for OM deposited from a variety of OM 
sources. Although the amount of OM in surficial sediments may be governed, in large 
part, by sediment type and hydrodynamics, other factors may be more important in 
determining sediment OM composition.
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Water column dissolved oxygen concentration may play a role in sediment OM 
composition because without oxygen, respiration cannot be carried out by more energy- 
yielding microbial aerobic processes. The labile fraction of OM would be particularly 
susceptible to microbially-mediated OM decomposition while still in the water column or 
at the sediment surface. Benthic organisms, which consume OM, may become inactive 
during periods of anoxia/hypoxia (Diaz and Rosenberg, 1995). My method for 
establishing a connection between oxygenation and organic composition is to find a 
correlation between DO and compositional variables (or difference in means) that is 
present, not just in the whole-Bay data set, but in the Mid-Bay-only data set as well, the 
region where anoxia/hypoxia occurs most extensively. This is necessary to avoid a false 
conclusion of 0,-influence when other regional factors may be more important. As has 
been noted, although an inverse DO and TOC relationship was found for the whole-Bay 
(Table 2), this relationship did not hold for the Mid-Bay data set. No correlations were 
found between DO and any of the OM parameters that occurred in both data sets. The 
average dinoflagellate Cl was higher (2.5x) in sediments of the Mid-Bay deposited under 
an anoxic/hypoxic regime versus an oxic water column but this difference may reflect the 
predominance of dinoflagellates during the summer when anoxia also occurs rather than a 
direct influence from DO itself.
No carbon normalized lipid compounds were significantly enriched in sediments 
of the Mid-Bay sampled under low DO conditions. Two samples with the most enriched 
total sterol concentrations, July, 1996 at sites 804C and nearby CB5.4, were deposited 
under anoxic bottom water conditions. However, these samples also had the highest 
dinoflagellate and green flagellate CIs, respectively. It is likely, therefore, that these 
enrichments are due to localized flagellate blooms rather than a preservational effect. We 
have no strong evidence, therefore, that anoxia/hypoxia in CB causes variation in the 
quantity or composition of OM in surficial sediments. This may not be surprising 
considering that some have found rates of OM decomposition to be similar for oxic 
versus anoxic environments (e.g. Henrichs and Reeburg, 1987; Lee, 1992) and that 
sediment accumulation rate may be of greater importance in OM preservation (Henrichs 
and Reeburg, 1987; Kuehl et al., 1993). Also, the periodic nature of bottom water 
anoxia/hypoxia in CB may not sufficiently inhibit aerobic degradation to effect OM
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composition. The seasonal anoxia in some portions of CB, however, is intensive enough 
to permanently alter the benthic community (Diaz and Rosenberg, 199S), and thus effect 
the potential for long-term OM burial, which may not be reflected in surficial sediment 
OM composition. Anoxic/hypoxic conditions and sediment accumulation rate may, in 
this way, play a role in determining the spatial distributions in the amount and 
composition of OM in CB sediments.
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
CONCLUSIONS
41
The analysis of lipid composition along with the multivariate data treatment 
method. PCA, proved useful in examining spatial and temporal variations in CB surficial 
sediment OM composition. The majority of OM could be characterized as autochthonous 
and predominantly derived from plankton and bacteria with enhanced deposition 
occurring in the mesohaline region of the Bay. While graphical examination of weight 
and carbon normalized lipid compositions revealed substantial spatial and some temporal 
variability, PCA was able to objectively distinguish geochemically meaningful 
components of spatial and temporal variability, which allowed a more detailed 
interpretation of OM distributions.
PCA identified three assemblages of sterol and fatty acid bioraarkers that, 
together, represented 53% of the spatial and temporal variability in OM composition 
inherent in the data. PCI, representing the majority of variance in the data (24%), 
encapsulated much of the seasonal variability in OM composition. It identified algal 
PUFAs and other lipids derived predominantly from diatoms as a major component of the 
sediment OM, particularly during the spring at all but the northernmost sites in the Bay 
mainstem. The seasonal variation in the distribution of this labile component emphasizes 
the rapidly changing quality of surface sediment OM with consequences for benthic 
communities that utilize this material.
A second component, representing 15% of the variance in the data, was able to 
describe much of the spatial variation in OM composition. With heavy loadings on even- 
numbered long-chain (>nCs) saturated fatty acids and alcohols as well as 24- 
ethylcholest-5-en-3p-ol (29A5), it represents an allochthonously-derived component of 
sediment OM. Its distribution at the head of the estuary as well as the stable carbon 
isotope and C:N, signatures of these sediments identify the two northernmost stations as 
sites of terrestrial OM deposition. This terrestrial component represents the greatest 
portion of the sediment OM during the fall after algal OM deposited in the spring and 
summer has been utilized and when tributary flows may be higher. The allochthonous 
component was also higher at site CB7.3 however stable isotope, C:N, signatures and
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high PUFA content in these sediments indicate contributions from an additional source 
such as marine or benthic diatom OM.
The third component identified by PCA represented bacterially-derived OM. It 
was most enriched in South Bay where sediments had the greatest labile component and 
showed very little seasonal variation in its distribution. Using lipid data from algal 
monocultures, we also calculated an index that identified sediment with enrichments in 
OM derived from dinoflagellate and green flagellate algal groups. Sediments from the 
Mid-Bay region were enriched in OM derived from these algal groups, particularly 
during the summer and autumn when localized blooms of these algae occur.
Of these OM compositional assemblages, only the distribution of the first PCA 
component, representing spring diatom-derived OM, was correlated with surface water 
and water column integrated chi a concentration i.e. phytoplankton biomass. There was 
no evidence to suggest that water column productivity, DO concentration or sediment 
surface area influenced sediment OM composition, although the latter played a major role 
in the amount of OM preserved in surficial sediments. These results may at first seem 
surprising, but when one considers the dynamic physical mixing processes which 
characterizes estuarine circulation, it becomes more unlikely that localized water column 
conditions will be reflected in underlying sediment. Long-term changes in such 
estuarine-wide parameters as primary productivity or DO level, however, are more likely 
to be reflected in the sediment record. There is some indication that increased spring 
freshwater inflows (Feb. 1996) lead to greater spring bloom phytoplankton biomass, 
which then translates very quickly (March, 1996) into increased surface sediment OM 
lability with a composition enriched in diatom-derived OM. The algal biomass of the 
summer, during peak productivity rates, is more closely coupled in space and time to 
heterotrophic utilization and therefore does not necessarily become a part of the sediment 
record. Localized summer algal blooms, however, are more likely to be uncoupled to 
heterotrophic utilization and will, therefore, be recorded in sediment OM composition 
and preserved in the sediment record. In regard to the system as a whole, the estuary 
appears to act as an efficient trap for terrestrially-derived OM and as a sink for a large 
portion of the OM produced within the estuary.
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Table 1 (oonlnued), Study site water column characteristics and bulk sediment properties.
Sample Collection Station Latitude Longitude Depth Sed. Surf. Bottom Bottom Surface Deep WQM' WQM' %C„, %N C:N. del'T l del IJC
# Date (degree N) (degree W) Area Salinity o . chi a chi a dil a Productivity (per mil) (permit)
(m) < m V ) (psu) (mg L ') (POL') <pgL') (Ml L ') (pgC L 'hr')
40 7-Nov-95 CB7.3 37.12 76.13 13 1.23 27.4 8.50 39.32 11.25 0.19 0.02 8.98 691 -21 62
41 13-Mar-96 CB7.3 31.1 1160 5.00 5.94 5.10 0.29 0.04 8.52 633 •20.44
42 30-Apr-96 CB7.3 29.4 11.60 40.95 12.92 45.00 17.60 040 0.05 8.66 7.45 •20.41
43 10-Ju)-96 CB7.3 27.9 7.20 5.26 1.47 14.26 6.92 0.27 0.04 8.73 758 •20.37
44 25-Sep-96 CB7.3 25.1 6.50 3.75 1.45 4.75 11.08 032 0.04 6.73 7.12 •20.75
45 7-Nov-95 8.1E 36.95 76.03 19 1.11 30.9 7.60 6.10 2.63 0.23 0.03 10.00 6.99 •20.58
46 13-Mar-96 8.1E 31.8 13.00 8.33 7.05 5.19 0.37 0.04 964 7.47 •19.95
47 30-Apr-96 8.IE 31.4 11.65 21.57 3.91 8.25 8.77 017 0.02 9.83 7.19 •20 47
48 IO-Jul-96 8.1E 26.4 6.60 6.20 2.08 6.49 6.77 0.23 0.03 1055 6.79 •20 95
49 25-Sep-96 8,IE 28.9 6.25 7.75 5.62 3.73 8.52 0.43 0 05 9 71 692 •21.03
Additional statkms wiliout lipid analyses
50 7-N0V-95 CB6.3 37.41 76.16 12 1.03 23.7 8.80 2.37 2.99 0.31 0.03 12.30 805 -20.74
51 7-NOV-95 CB5.4 37.60 76.18 33 15.92 22.6 8.60 7.85 8.63 2 36 029 9.49 8.25 •21.50
52 7-NOV-95 818P 36.31 76.29 33 17.54 20.7 7.70 6.78 29.12 1.49 0.18 9.60 897 •21 86
S3 7-Nov-95 6340 38.72 76.44 17 15.94 18.9 7.60 6.78 29.12 3.57 0.49 847 10 55 -22.04
54 7-Nov-95 904N 39.07 76.33 11 19.61 3.6 660 9.44 62.34 3.77 0.4S 9.74 9.74 -22.54












Table 2. Correlation coefficients (r) for bulk sediment and water column variables (n = 54).
Salinity TOC TN O.Nfnoiac del ,0N del ,aC Productivity Chi. a  Chi. a
surf, water deep  water
Salinity 
Total Org. C 
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X X X  --------
X X X X 
X X X X
** significant correlation at p < 0.001, * significant correlation at p < 0.01 













Table 3. Lipid compound abbreviations and source assignments used in this study. 
Assignments are dominant but not exclusive to the sources indicated.
Compound Group or Compound Abbreviation Common Name
£ Fatty Acids (FA) £FA'
£  Cj2 ft £ Cgo Polyunsaturated FA 22PUFA, 20PUFA
£ Cia A£ C,a Polyunsaturated FA 18PUFA, 16PUFA
£ C,a a  C |S Monounsaturated FA 18 MUFA, 16MUFA
£ Polyunsaturated Fatty Acids PUFA
C,s + C,7 Branched F.A. 15,17Br
10 Methyl- C,a Branched F.A. lOMeBr
£ Branched Fatty Acids BrFA

















1. Fatty adds are designated as A:BuC where A is the number ot carbon atoms, B is the number of double bonds, 
and C (when known) is the double bond position from the aliphatic end of the molecule.
2. Sterol abreviated as AAX,Y where A refers to the number of carbon atoms and AX,Y refers to the position of 
double bonds following the ring numbering system for steroids (Killops and Killops, 1993).
3. Compounds are predominant in, but not exdusive to, the sources listed. Algal monoculture data included in 












Table 3  (continued). Lipid com pound abbreviations an d  sou rce  assignm ents u sed  in this study. 
A ssignm ents a re  dom inant but not exclusive to the  so u rces indicated.
Abbreviation Major Source (reference'1)
IFA* non-specific
22PUFA, 20PUFA algae (Killops and Killops, 1993; Volkman, 1986), zooplankton (Lee et al., 1971)
18PUFA, 16PUFA algae, diatoms lend lo have more 16PUFA relative to non-diatom algae 18PUFA (Volkman et al, 1989).
18MUFA, 16MUFA algae (Killops and Killops, 1993; Volkman, 1986), zooplankton (Lee et al., 1971), bacteria (Gillian and Johns, 1986)
PUFA labile 'fresh' organic matter (Shaw and Johns, 1985)
15,17Br bacteria (Parkes and Taylor, 1983; Edlund et al., 1985; Kaneda, 1991)
lOMeBr bacteria (Parkes and Taylor, 1983; Edlund eta!., 1985; Kaneda, 1991)
BrFA general bacteria indicator
LCFA higher plants (Cranwell, 1982; Nichols et al., 1982; Relgley et al., 1991)
16:1(i)7 mainly diatoms and cyanobacteria (Moreno et al., 1979; Volkman et al., 1989; Demott et al., 1997)
20:S(i)3 mainly diatoms (Volkman et al., 1989; Viso and Marty, 1993)
22:6u>3 mainly dinoflagellates (Nichols et al, 1984), low levels in other alga (Volkman et al, 1989)
£ST* non-specific
27A5.22 zooplankton and diatom (Volkman, 1986)
27A5 zooplankton (Volkman, 1986; Killops and Killops, 1993)
28A5.22 phytoplankton (Gillian et al., 1981; Volkman, 1986), cyanobacteria (Paoletti, et al., 1976)
28A5,24(28) phytoplankton, mainly diatom (Gillian et al., 1981; Volkman, 1986)
28A5 higher plant and rarely algal (Volkman, 1986)
29A5.22 higher plants (Nichols et al., 1982; Volkman, 1986), cyanobacteria (Paoletti, el al., 1976)
29A5 higher plants (Nichols et al., 1982; Killops and Killops, 1983), cyanobacteria (Paoletti, et al., 1976); freshwater micro-algae (Volkman et al., 1999)
29A5,24(28) algal (Volkman, 1986), diatom (Volkmanand Hallegraetf 1988)
30A22 dinoflagellates (Boon et al., 1979; Nichols etal, 1984; Volkman etal, 1989)
30AO dinollagelates (Nichols et al, 1984)
240H higher plants (Cranwell, 1982; Reigley el al., 1991)
SHOP bacteria including cyanobacteria (Ourisson et al., 1979; Cranwell, 1982; Rohmer et al., 1984)
48
Table 4. Relative abundance (weight percent total fatty acid) of selected fatty acids 
present in surface sediments.
IFA2 ng/g IFA
SpUN. sed pgfmgC BrFA 22PUFA 20PUFA 18PUFA 16PUFA 18MUFA
1 49.3 3.7 8.2 1.9 1.0 0.6 0.4 23.3
2 83.1 5.3 8.1 0.9 1.7 l.l 15 26.1
3 67.0 2.2 9.0 0.2 12 4.4 0.9 17.8
4 82.3 5.2 7.4 19 45 11 0.8 191
5 32.2 0.3 119 17 1.3 0.5 0.6 8.3
6 135.0 2.7 13.9 3.1 5.3 12 1.0 17.1
7 133.3 3.5 10.8 5.3 3.6 1.6 0.3 19.9
8 61.2 2.0 6.7 7.7 5.9 1.8 0.3 15.3
9 92.0 13 13.1 3.6 6.2 2.0 0.9 145
10 341.2 9.1 7.3 1.3 4.5 0.0 0.7 17.6
11 373.3 23.3 4.5
rliri 10.1 4.4 12 7.6
12 164.2 5.5 7.4 0.3 11 3.9 0.0 13.4
13 351.3 10.2 9.0 4.9 4.9 4.3 0.3 14.5
14 267.9 8.3 7.7 1.4 4.9 3.2 1.0 10.4
15 469.1 110 5.6 1.4 15 1.3 0.0 15.1
16 648.3 16.7 5.2 4.1 6.1 2.9 0.0 13.6
17 642.3 155 10.2 0.2 10 0.7 0.3 6.3
18 547.4 14.6 6.3 1.6 3.1 25 0.4 17.0
19 403.9 11.1 7.3 3.3 4.7 25 05 145
20 136.2 4.2 10.7 1.2 3.1 2.6 0.0 18.4
21 433.0 17.9 4.7 3.4 9.4 4.6 1.2 10.3
22 338.2 117 4.6 16 4.6 45 0.2 135
23 303.4 95 7.6 05 3.9 3.2 1.2 14.4
24 478.2 13.9 6.9 6.4 3.0 2.8 0.6 225
25 285.9 113 10.4 5.5 5.2 25 0.7 14.4
26 282.2 11.3 211 IS 1.0 2.8 0.0 15.7
27 263.4 10.5 19.2 1.8 0.9 1.9 0.0 17.1
28 344.3 14.3 195 0.0 1.0 2.4 0.0 14.4
29 492.6 17.7 5.2 1.8 4.0 13 0.6 9.0
30 617.8 19.3 5.7 14 3.4 13 0.6 14.7
31 379.2 13.1 6.5 1.7 15 1.7 0.6 18.2
32 284.4 9.8 3.5 1.3 1.3 1.3 0.3 14.1
33 351.9 11.6 6.7 7.7 15 0.0 0.3 141
34 300.1 11.9 4.7 4.4 5.6 2.8 0.0 14.7
35 265.6 10.1 7.3 1.3 0.6 11 0.0 191
36 68.3 t i l 14.2 14 8.2 3.0 05 114
37 37.5 6-3 19.1 0.4 1.2 13 0.0 155
38 24.8 5.3 14.3 19 1.3 1.1 0.0 155
39 70.6 6.9 9.0 35 0.4 31 0.0 23.4
40 16.0 8.5 14.2 6.8 7.1 1.6 0.3 15.9
41 104.1 35.7 7.9 6.3 17.0 0.3 3.0 3.9
42 126.3 31.4 9.7 7.3 14.0 15 1.7 9.7
43 21.7 8.1 13.8 4.9 9.1 15 1.0 65
44 25.6 3.0 175 3.6 7.7 1.7 15 6.7
45 12.2 5.2 105 0.0 1.1 1.3 0.0 17.1
46 93.5 25.5 4.6 3.8 6.6 3.4 05 9.7
47 28.4 16.9 65 25 5.3 3.3 0.3 131
48 14.0 61 7.8 10 11 10 0.0 20.4
49 29.9 63 8.7 7.7 15 05 0.3 13.3
1. Sample numbers correspond to those in Table 1.
2. Abbreviations for compounds and compound groups are listed in Table 3.
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Table 4 (continued).
SpLJfl. 16MUFA 15,17Br 10Me6r LCFA 16:1tu7 20:5a)3 22:60)3
1 17.4 6.3 0.0 62 14.9 0.0 1.9
2 2i_2 5.2 0.5 4.3 18.7 1.3 02
3 18.5 6.1 0.7 6.9 14.9 1.6 02
4 20.7 4.0 0.4 3.7 18.4 4.3 l.S
5 2.3 6.9 0.3 111 1.3 1.0 02
6 16.5 3.5 1.5 4.1 132 5 1 05
7 12.2 6.4 1.3 4.3 92 7.6 t.l
a 15.0 2.1 0.1 4.1 105 4.3 0.3
9 13.4 8.7 0.2 4.6 9.7 4.4 02
10 25.0 5.0 0.0 2.0 23.0 3.2 0.3
11 33.0 1.6 0.4 0.8 312 9.4 12
12 23.1 5.1 0.7 4.9 21.4 11 0.3
13 23.3 6.0 0.7 12 21.6 42 3.4
14 23.7 5.0 0.7 2.4 222 4.5 0.0
15 19.2 3.3 02 0.7 172 1.5 1.0
16 16.3 3.3 0.6 0.6 15.7 22 18
17 21.2 5.8 12 3.4 212 l.l 02
18 19.1 4.1 0.6 1.4 17.7 22 1.2
19 16.6 5.6 0.7 l.S 152 4.1 12
20 24.3 7.0 1.6 17 222 3.1 0.0
21 37.1 13 0.3 0.7 35.3 3.6 0.4
22 34.4 3.5 0.3 1.4 33.1 3.6 1.2
23 23.3 5.4 0.3 10.2 21.7 3.0 0.0
24 18.9 4.3 0.2 1.3 17.7 22 5.6
25 22.3 6.4 1.2 0.0 21.9 52 3.3
26 13.3 13.1 1.5 1.0 16.7 1.0 12
27 17.9 13.0 1.9 t.l 162 02 1.0
28 24.6 9.1 1.6 0.6 23.2 1.0 0.0
29 36.6 3.1 0.3 02 35.4 3.3 02
30 24.3 3.3 0.4 42 23.0 18 1.0
31 17.5 4.4 02 3.3 162 12 12
32 16.4 5.9 0.7 1.7 15.1 1.4 1.4
33 14.9 4.3 02 1.7 13.3 12 0.0
34 18.5 3.3 0.0 1.2 172 5.0 1.2
35 11.4 52 0.7 1.3 10.1 0.6 02
36 23.2 10.0 1.4 0.0 212 7.3 14
37 13.0 15.1 0.0 0.0 16.6 12 0.4
38 21.5 9.7 1.9 0.0 212 12 1.6
39 1.1 4.0 0.0 0.0 0.0 0.0 3.4
40 15.2 9.0 1.3 1.3 132 6.9 02
41 24.7 3.0 02 0.3 0.0 16.7 l.l
42 23.3 5.6 0.6 02 213 13.4 0.3
43 18.2 3.3 12 1.4 16.3 8.7 0.7
44 16.5 102 1.3 1.3 142 7.1 02
45 20.3 3.0 12 1.0 19.0 l .l 0.0
46 32.2 11 0.4 0.7 312 5.9 11
47 24.9 4.3 0.4 0.4 23.7 4.5 0.3
48 19.7 5.8 12 l.l 182 11 10
49 17.7 52 02 12 16.1 15 7.1
1. Sample numbers correspond to those in Table 1.
2. Abbreviations for compounds and compound groups are listed in Table 3.
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
50
Table 5. Surface sediment sterol (selected) distributions ( ug/g dry wt sediment).
28A5.24 29d5,2
SpWL SSI* 27A5.22 27A5 28A5.22 (28) 2755 2955,22 2955 4(28) 30522 3040 240H SHOP
1 :o_s 0.40 142 1.33 1.16 1.87 1.70 350 0.00 0.48 0.00 054 0.49
2 12.9 0.99 189 0.87 1.12 0.87 0.95 3.18 0.00 0.00 0.00 0.20 0.00
3 27.5 0.91 4.97 1.90 2.15 0.22 1.97 6.86 0.16 0.47 0.00 0.00 0.35
4 24.7 0.61 4.24 1.96 4.17 1.83 1.32 4.78 019 017 0.00 0.00 0.00
5 28.6 0.91 4.30 1.80 1.24 124 1.65 3.68 0.00 1.38 0.38 1.97 1.26
8 43.6 1.00 6.88 118 1.88 1.84 159 0.00 196 1.97 0.41 350 119
7 90.1 182 21.98 5.70 4.99 4.69 0.00 0.00 4.42 137 0.73 6.37 140
8 22.3 0.57 3.35 1.19 1.21 1.33 1.24 359 0.00 0.79 0.22 1.66 052
9 30.2 0.97 4.94 1.70 1.37 1.79 1.65 5.71 0.00 0.97 0.28 1.88 1.05
to 212.3 6.01 20.94 17.30 12.85 1215 17.76 2555 4.00 20.15 3.62 0.00 7.80
11 1512 7.97 22.16 11.43 3058 6.47 5.16 18.06 6.09 7.40 1.61 0.67 419
12 100.9 3.24 13.28 7.18 9.73 4.79 5.85 16.87 109 6.22 1.11 0.00 3.20
13 220.9 11.68 35.04 30.29 19.67 11.16 8.64 18.01 6.00 9.21 1.10 0.00 4.12
14 154.2 5.61 1950 11.80 11.42 1150 7.70 21.19 193 1011 1.60 0.00 554
15 183.1 6.22 26.91 15.95 14.03 10.70 1.37 20.41 3.75 14.47 101 0.00 816
18 2317 7.57 20.61 18.09 15.51 1351 1516 27.02 5.94 1958 357 0.00 14.48
17 273.9 11.08 37.40 26.15 36.72 15.89 14.12 30.33 7.93 2454 4.79 3.89 5.47
18 197.3 6.81 21.13 19.27 20.65 1254 11.03 2052 6.37 14.45 131 0.00 6.67
19 2517 6.73 26.44 19.50 21.93 2210 13.16 29.08 7.24 22.78 5.42 0.00 7.81
20 108.6 4.29 9.18 8.12 6.19 554 6.79 3.28 1.48 7.02 150 0.00 10.69
21 1117 5.50 14.48 14.20 1454 5.19 5.64 1218 4.42 4.70 054 0.00 6.29
22 158.6 7.76 24.03 16.88 2353 6.70 6.96 147 7.38 8.69 1.72 0.00 5.79
23 276.2 7.93 25.42 18.27 79.36 1614 10.62 2750 25.48 11.06 1.88 0.00 7.99
24 199.1 8.39 25.26 14.92 17.17 1451 1351 2251 5.00 1115 136 0.00 10.41
25 77.2 3.46 8.27 7.13 7.32 8.13 352 8.86 3.89 4.70 1.00 0.00 1.63
26 84.8 3.51 10.60 7.33 6.78 656 4.12 6.95 112 3.41 112 0.00 166
27 77.6 4.17 9.47 6.27 4.78 5.87 3.42 5.82 1.24 5.22 122 0.00 154
28 919 4.95 19.70 8.95 5.87 654 3.43 5.88 1.46 5.07 157 0.00 121
29 103.1 4.77 14.12 13.01 13.82 5.97 4.54 11.10 359 450 0.86 0.00 408
30 224.0 8.21 29.76 16.71 28.75 3051 951 21.03 1455 10.40 1.80 0.00 6.69
31 156.1 551 15.29 11.78 33.28 1113 6.81 1550 10.11 7.77 1.43 0.61 488
32 125.9 6.60 16.67 1054 9.30 8.30 8.96 13.70 173 551 1.18 0.00 454
33 113.7 5.35 14.51 1059 8.17 6.28 7.88 1156 166 6.00 1.45 0.00 516
34 71.0 4.38 14.65 6.41 8.77 3.08 350 5.18 1.47 3.22 0.67 0.00 3.02
35 713 4.32 140 5.77 6.06 4.41 448 7.49 1.89 3.65 0.77 0.00 3.19
36 16.8 0.96 4.07 1.79 126 0.90 0.63 1.47 0.78 0.66 0.18 0.00 0.19
37 9.3 056 1.75 0.90 0.46 051 0.43 0.82 0.00 053 0.19 0.00 0.23
38 8.0 052 1.34 0.61 053 0.60 054 0.67 0.13 0.60 0.00 0.00 017
39 31.5 1.72 5.36 1.83 6.60 102 0.71 3.45 154 156 0.37 0.00 0.40
40 3.7 0.19 0.54 0.33 0.25 O il 0.18 0.34 0.07 0.17 0.06 0.09 0.09
41 11.4 0.56 0.02 1.06 1.21 058 052 1.19 0.34 0.49 0.11 017 0.14
42 17.7 0.81 3.63 1.74 110 0.78 0.87 104 0.85 0.69 0.14 O il 0.22
43 8.4 0.39 0.00 0.84 1.02 057 0.42 057 0.41 0.33 0.07 0.10 0.11
44 8.3 0.43 157 0.68 050 0.44 0.42 0.84 0.18 0.42 0.11 0.14 0.20
45 5.0 0.26 0.77 0.46 0.35 057 016 0.49 0.10 015 0.08 0.07 0.26
46 13.1 0.69 1.80 1.36 150 0.71 0.46 1.70 0.37 0.82 0.14 0.17 059
47 6.4 0.30 1.11 0.71 0.65 015 055 0.78 0.34 051 0.06 0.00 0.14
48 6.8 054 1.18 0.66 054 053 055 0.62 0.12 058 0.09 0.10 051
49 15.4 0.81 163 150 1.06 0.88 0l73 1.41 0.34 0.86 010 0.14 0.71
1. Sample numbers correspond to those in Tablet.
2. Abbreviations fro compounds and compound groups are listed In Table 5.
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Thalassbslra Chaetocarus Skaletonama Prorocenlrum C. isochrysis Telrasalmls Chlorella Dunaliella
weisslkigH neogracilus coslalum' minimum galbana stricta capsulata laftiolacla
ftpfTptolFflltyAcMs 
Tot. Saturated FA 38.2 18.6 30.6 42.9 30.3 28.7 29.2 42.9
Tot. Monounsat. FA 41.9 55.9 19.2 17.3 53.6 57.8 59.2 17.3
Tot, Polyunsat. FA 18.0 23.8 50.2 36.7 14.8 12.9 11.3 36.7
Tot. Branched FA 1.9 0.4 0.0 3.0 1.3 0.5 0.3 3.0
22PUFA 4.0 1.5 3.8 23.5 10.0 0.0 0.1 1.7
20PUFA 8.7 19.8 I t .7 5.5 1.7 5.8 10.6 0.0
18MUFA 7.8 2.6 1.4 13.4 28.2 46.7 47.4 54.3
18PUFA 5.4 3.6 10.4 5.8 15.4 5.7 0.9 7.1
16MUFA 30.9 50.6 16.1 0.6 8.5 3.7 9.5 3.5
16PUFA 0.0 0.0 25.4 0.0 0.0 6.6 0.1 8.8
16:1m7 21.6 21.2 14.9 0.6 8.5 0 6 6.5 2.9
20;5u)3 7.2 21.3 11.7 0.0 0.5 15 0.8 0.0
22:6o)3 3.4 1.3 3.8 21.9 8 5 0.0 0.0 0.0
1. Data provided by Antonio Mannino - Chesapeake Biological Laboritory, University of Maryland
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Table 7. PCA variable loadings, sample scores and composite indicators.
a. Loadings' b. Scores a. Composite Indicators
Dino- Green
variable PC1 PC2 PC3 spl#2 PC1 PC2 PC3 flagellates flagellates
PUFA -0.38 0.12 0.08 1 3.40 277 -3.32 -3.42 3.47
BrFA 0.12 0.11 0.41 Z 1.78 228 -3.37 •5.46 275
22PUFA 0 .2 2 0.18 0.08 3 1.43 1.69 -3.51 -4.31 -217
20PUFA 0.38 0.10 0.08 4 0.23 1.51 -3.37 ■3.82 1.59
18PUFA -0.12 •0.24 0.13 5 3.11 4.87 0.26 1.27 0 .58
18PUFA 0.30 0.19 0.06 8 0 2 3 3.10 1.77 -1.34 0.53
18MUFA 0.22 0.09 0.15 7 -2.23 3.94 215 -1.57 0.60
18MUFA -0.20 •0.34 0.09 8 0.58 4.06 -1.34 -1.46 0.03
15,17Br 0.16 0.06 0.38 9 0.44 4.02 0.21 -1.87 0.21
10MeBr 0.06 0.00 0.39 10 1.29 0.68 0 .67 3.63 0.38
LCFA 0.10 0.27 -0.22 11 -5.71 -1.30 -1.24 0.63 •2.60
16:1w7 0.10 •0.39 0.09 12 1.45 0.83 -1.74 1.13 -1.07
20:5w3 0 .3 8 0.09 0.11 13 -1.89 -1.52 0 .1 2 -1.00 0 .68
22:8w3 0.01 0.04 0.05 14 0.32 0.60 0 .60 1.18 0.38
27A5.22 0.03 0.16 0.16 15 1.18 -1.36 0 .2 5 1.26 0 .12
27A5 0.06 0.03 0.01 IS 0.62 0.76 0 .40 213 0.62
28A5.22 0.14 0 .3 4 0.09 12 1.59 -1.40 0.90 3.58 -2.07
28A5,24(28) 0.15 0.15 -0.23 18 0.79 -1.35 0 .83 1.27 0.56
28A5 0.13 0.01 0.00 19 0.50 0.46 0.47 4.95 1.28
2945,22 0.16 0.05 0.16 20 1.96 -1.64 1.34 1.75 0.21
29A5 0.04 0.14 •0.33 21 -4.39 •3.06 -1.25 -1.32 -1.71
2945,24(28) 0.18 0.13 0.02 22 -1.69 •3.67 0 .93 0.52 -1.32
30422 0.07 0.25 0.18 23 0.97 0.31 -2.76 4.29 0.13
3040 0.10 0.14 0.34 24 0.81 0.16 -1.26 0.53 224
240H 0.03 0.40 0.08 2§ -1.12 0.78 0.92 0.69 217
ZHOP 0.11 0.14 0.05 28 2.35 0.23 2 7 2 0.29 1.00
27 3.25 0.95 4.15 3.51 1.21
28 •2.48 -1.90 294 1.43 0.33
c. Algae Scores 23 -1.58 ■3.39 -1.38 -1.34 -1.49
Monocultures PC1 PC2 PC3 30 0.03 0.70 -1.69 0.02 3.84
Thalassiosira ■3.91 0.33 -6.21 31 0.83 0.47 -1.95 0.87 1.49
Chaetoceros -11.10 -1.85 •2.53 32 1.93 0.13 0 .4 4 0.67 0.04
Skeletonema •18.34 -6.94 -6.89 33 1.05 0.39 0 .0 5 0.05 0 .49
Prorocentrum -3.91 0.43 0.08 -1.25 0.67 0.61 -1.07 -1.01
C. isochrysis •8.69 -16.81 1.40 35 2.75 0.17 0 .3 5 0.58 0.91
Tetraselmis 0.56 4.05 -6.78 a s -1.49 -1.15 1.70 -1.00 0 .97
Chlorelia -1.14 -1.21 -5.26 37 2.99 -1.01 2 6 4 1.15 0.21
Dunalieila -3.25 6.56 -3.67 38 1.69 0.81 203 -1.02 0.94
23 1.76 0.72 -1.22 1.39 1.97
d. Stn. 922Y Surface 40 -1.06 1.63 296 0.10 0 .08
Water column Scores 41 -7.55 3.12 1.35 -1.67 -1.85
Particulates PC1 PC2 PC3 42 -6.01 1.31 0.97 -201 -206
Nov. 1995 0.77 0.11 •4.82 43 •3.32 0.94 1.98 -1.00 -275
March 1996 -1.52 3.04 -1.83 44 -1.62 1.58 3.28 0.20 •228
May 1996 •10.34 4.71 •2.81 45 287 -1.10 1.15 0.87 1.08
July 1996 •3.41 1.36 -4.04 48 -271 -217 0 .9 6 0.35 -1.55
47 -1.35 -1.91 0.81 -1.02 -1.49
48 1.93 -1.05 0.36 0.70 0.53
49 0.86 0.05 0.58 0.71 0.63
1. Loadings greater than |0.2| are indicated in bold face.
2. Spring samples are underlined, summer samples are in bold face.
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Figure 1. Map of Chesapeake Bay showing sampling station locations. Dashed 
horizontal lines separate the North Bay, Upper Mid-Bay, Lower Mid-Bay and South Bay 
regions as defined in this study. The turbidity maximum is located generally between 
922Y and 904N.
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Figure 2. a. Surface water primary productivity (filled circle - \ig C L'1 hr'1) measured by 
carbon (UC) fixation and depth integrated chlorophyll a (solid square - |ig L'1) measured 
by in vivo fluorescence at station M3, b. Susquehanna River flow (solid line - mJ s '), 
during the time period of this study. Sampling dates are indicated by vertical gray bars. 
Data sources are given in the text.
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Figure 3. Spatial distribution of a. total organic carbon content (%), surface area (m2 g‘l) 
and b. organic carbonttotal nitrogen (molar) ratio in Chesapeake Bay surface sediments.
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Figure 4. Chesapeake Bay surface sediment stable isotope composition. Black-fiiled 
symbols are fall samplings, open symbols are spring and gray-filled symbols are summer 
samplings.
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Figure 5. Total carbon normalized concentrations (ng lipid mg TOC'1) of a. 
representative fatty acid and sterol compounds and b. total FA and sterols in surficial 
sediments of four regions of Chesapeake Bay. Error bars represent standard deviations 
from the mean. Data from all seasons and multiple sites in each region are included. 
Compound abbreviations and dominant source assignments are listed in Table 3.




f  S c "
a  O  ID «  





Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
64
Figure 6. Seasonal distribution of total carbon normalized concentrations (ng lipid mg 
TOC'1) of representative fatty acid and sterol compounds in surficial sediments of the 
Upper Mid-Bay and Lower Mid-Bay regions of Chesapeake Bay. Seasons and regions 
are defined in the methods section of the text. Compound abbreviations and dominant 
source assignments are listed in Table 3.
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Figure 7. Spatial distribution of weight percent sterol (relative to total sterols) and weight 
percent fatty acid (relative to total FA) compound concentration. Error bars represent 
standard deviation from the mean. Data from all seasons are included. Compound 
abbreviations and dominant source assignments are listed in Table 3.
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Figure 8. Plot of variable factor coefficients (loadings) on the first two principal 
components. Abbreviations used for variables are given in Table 3.
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Figure 9. Plot of scores on the first two principal components. Observation numbers 
correspond to sample numbers listed in Table I.
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Figure 10. Temporal variation of sediment OM composition (PCI scores) at four Mid- 
Chesapeake Bay sites and the flow volume record of the Susquehanna River.
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A GEOCHEMICAL RECORD OF EUTROPHICATION AND 
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ABSTRACT
Organic and inorganic geochemical indicators were examined in a 3m core 
collected from the mesohaline region of Chesapeake Bay to determine how sources of 
organic matter (OM) have changed during the preceding three centuries of increasing 
anthropogenic influence in this region. This study also establishes the history of 
eutrophication and anoxia/hypoxia and relates these processes to changes in OM 
deposition and preservation and to historical events within the Bay’s watershed. The 
sediment record shows that a marked increase in organic carbon (35-50%), biogenic silica 
(18%) and total sulfur (42%) occurs between 1934 and 1948. This transition is likely due 
to increasing anoxic/hypoxic bottom water conditions as indicated by an abrupt change in 
sulfur speciation. Lipid biomarker distributions indicate that a substantial change in the 
sources of OM deposited since 1934 has also occurred. Biomarker compounds derived 
from phytoplankton and microbial sources show a two- to fourfold increase in their 
abundance relative to total organic carbon between 1948 and 1975. Using both 
diagenetic models and information on lipid reactivity, an effort is made to distinguish 
compositional changes due to changes in OM delivery (both quantity and quality) from 
changes that may be due to OM degradation. It appears that enhanced OM production in 
the mesohaline region of Chesapeake Bay has contributed to the observed changes in 
quantity and character of OM preserved in sediments from this site. Increased inorganic 
fertilizer application and human population growth in the watershed are coincident with 
the onset of eutrophic and hypoxic conditions in Chesapeake Bay, suggesting that 
anthropogenic activities within estuarine watersheds may exert a substantial influence on 
carbon cycling processes in estuaries and potentially the coastal ocean.
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Major changes have occurred in watersheds on the east coast of the U.S. since 
first settlement by Europeans in the mid-L7th century. Along with progressive 
deforestation for agricultural development and the drainage of wetlands, industrialization 
and urbanization have transformed the landscape. Watershed alterations have had an 
effect on the environment and ecology of estuaries and the coastal zone globally.
Cultural eutrophication (anthropogenically induced increases in primary productivity) and 
resulting anoxic (O2 < 0.2mg l ‘) or hypoxic (O2 < 2.0 mg I'1) conditions are cited as 
amongst the most important environmental problems presently requiring scientific and 
political attention (Diaz and Rosenberg, 199S; Nixon, 199S). In addition to their harmful 
effects on organisms and ecosystems, changes in the frequency and intensity of low- 
oxygen events could have broader implications for global carbon cycling (Henrichs,
1992).
Episodes of deoxygenated waters have been observed in portions of Chesapeake 
Bay (CB), the largest estuary in the United States, as early as the 1930’s (Newcombe and 
Home, 1938). Since that time, the temporal and spatial extent of these events have 
increased progressively and have become a major environmental concern (Officer et al., 
1984a). It is not known, however, to what extent deoxygenation events occur naturally in 
CB or are purely anthropogenic in origin. Likewise, the primary cause of these events is 
not yet well understood. Both physical (i.e. stratification caused by increased freshwater 
runoff) and biological (i.e. enhanced organic matter production caused by increased 
nutrient inputs) factors may have contributed to the more frequent occurrence and greater 
intensity of hypoxia/anoxia in CB (Taft et al., 1980). Runoff may have increased with the 
clearance of land which began with early settlement in the 17th century and reached a 
maximum in the mid- to late 1800’s (Cooper and Brush, 1991). Increased nutrient 
loading to CB began in the late 19th century with the increased use of natural 
phosphorus-based fertilizers (Wines, 1985) but increased dramatically with the 
introduction of industrially manufactured nitrogenous fertilizers in the early 20th century 
(Cornwell et al., 1996). Because of the temporal separation of these events, a precise
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chronology of the occurrence of anoxia and eutrophication in CB may lead to a better 
understanding of their ultimate cause.
In previous studies, Cooper and Brush (1991. 1993) used sedimentary indicators 
such as diatom population structure, total organic carbon (TOC) and sulfur concentration 
and degree of pyritization (DOP) to establish the occurrence of major environmental 
changes since European settlement in the CB watershed. However, this study did not 
have the temporal resolution necessary to establish a detailed chronology for the 
preceding century of increasing anthropogenic influence. Cornwell et al. (1996) 
examined the nutrient chemistry of sediments deposited during this century from the 
mesohaline region of the CB but were unable to follow the history of eutrophication in 
the Bay due to post-depositional changes in elemental concentrations. In the present 
study organic and inorganic geochemical indicators in sediments are sampled at time 
intervals so as to establish a detailed chronology of the onset and history of 
eutrophication and anoxia in the mesohaline region of CB.
A further objective of this study was to examine how OM composition may have 
changed in response to eutrophication and anoxia. Researchers have noted increases in 
the concentration of TOC preserved in sediments of CB (Cooper and Brush, 1991; 
Cooperand Brush, 1993; Cornwell et al., 1996; Cornwell and Sampou, 1995) and 
estuarine and coastal environments in general (e.g. Cranwell, 1982; Eadie et al., 1994; 
Gong and Hollander, 1997; Louchouam et al., 1997) during the 20th century. But it is 
difficult to distinguish the effects of OM decomposition from those due to an increase in 
OM delivery to the sediments over time because both processes may yield a similar 
downcore OM profile. In this study, diagenetic modeling and an examination of lipid 
biomarker distributions are used to distinguish between these possibilities as well as to 
elucidate the changing nature of OM deposited during this century of increasing 
anthropogenic influence. Lipids are useful geochemical tools in paleo-environmental 
reconstructions because of their low reactivity (high preservation potential) and source 
specificity relative to other organic compound classes (Brassell and Eglinton, 1986; 
Cranwell, 1982). Sedimentary distributions of fatty acid and sterol compounds were 
analyzed because compounds within these two lipid classes can be related to specific 
contributors of OM to CB sediments.
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Study Site and Sample Collection
A 2.6 m sediment core was collected from the mainstem mesohaline region of the 
CB just south of the mouth of Choptank River (Site M3: 38°34.05’N; 76°26.76’W), in 15 
m of water (Fig. 1) during March of 1996. Sediments deposited here are likely to be 
representative of the mid-Bay region due to the high frequency tidal and meteorological 
turbulent mixing processes of this region of the Bay (Boicourt, 1992). Site M3 is located 
downstream (southward) of the turbidity maximum and immediately upstream of the 
location where peak spring bloom biomass typically occur (Harding et al., 1986; Malone, 
1992). After sinking, organic matter from points southward may also be advected by 
north-flowing bottom waters to the mid-Bay (Malone, 1992) where decomposition and 
deposition may occur. For these reasons, seasonal anoxia/hypoxia is most commonly 
observed, and oxygen depletion is most severe, in the mesohaline portion of the Bay 
(Boicourt, 1992; Officer et al., 1984a; Taft et al., 1980) and is likely to have first occurred 
at this site. Cornwell et al. (1996) have noted sediment accumulation rates at M3 high 
enough to obtain stratigraphic resolution sufficient for the construction of a detailed 
depositional history for the previous two centuries.
The core was collected using a large cross-section kasten corer (13 x 13 cm square 
Kuehl et al., 1986b) in order to minimize physical disturbance of the sediment during 
coring. Disruption of the core during handling was further reduced by the ability to 
remove one side of the core barrel, thus, eliminating disruption and compaction caused by 
core extrusion. The kasten core and an adjoining box core (26 cm depth) were 
subsampled at 0.5 cm intervals in the upper 5 cm of sediment. Subsamples consisting of 
2 cm sections were collected at 5 cm intervals in the upper meter of the core and at 10 cm 
intervals in the remaining 1.6 m of the core. Subsamples were then homogenized and 
portions were placed in pre-combusted (450°C, 4.5 hours) glass jars for organic and 
inorganic geochemical analyses and plastic centrifuge tubes for radioisotopic analysis. 
The core was subsampled and samples were frozen (-80°C for organic analyses,-20°C for 
inorganic analyses) within 24 hours of core collection.
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Analytical Methods
Sediments were dated using :,0Pb and 137Cs radiochronology in combination with 
pollen and microfossil stratigraphy. :i0Pb activity was measured by alpha spectrometric 
methods with a “’Po spike serving as a yield determinant according to the methods of 
Nittroueret al. (1979) and Kuehl et al. (1986b). Additional dating information was 
provided by pollen analysis using the methods of Willard (1994) and correlated with 
microfossil stratigraphy, both carried out at USGS-Reston by Drs. D. Willard and T. 
Cronin. Sediments were analyzed for TOC and total nitrogen (TN) following the 
methods of Hedges and Stem (1979) in which dried sediments are acidified with HCl to 
remove carbonate prior to analysis by a Carlo Erba Elemental Analyzer 1108. Biogenic 
silica (BSi) analysis by a series of extractions into Na,C03, and sulfur speciation analysis 
by acidification to H,S followed by Pb-titration were carried out according to the methods 
of DeMaster (1981) and Cornwell and Morse (1987), respectively. Detailed description 
of the organic geochemical methods employed may be found in Chapter 2. Briefly, lipids 
were extracted from wet sediments into chlorofomr.methanol (2:1, v:v) aided by 
sonication. Following saponification, fatty acids were converted to methyl esters. Fatty 
acid methyl esters and sterols/alcohols were separated from other lipid compound classes 
by silica gel chromatography. Sterols were derivatized to TMS-ethers and both fractions 
were analyzed by gas chromatography. Compound concentrations were quantified by 
comparison of peak area to that of an internal standard compound (C t fatty acid or 5a- 
cholestane) added prior to GC analysis. Final concentrations were adjusted to account for 
varying sample-to-sample extraction efficiency that was determined by percent recovery 
of standard compounds (CM fatty acid-Cu alcohol ester) added prior to extraction. Peak 
identifications were confirmed using gas chromatography-mass spectrometry.




Excess :i0Pb activity was present in the sediments of the M3 core from the surface 
to almost 100 cm true depth (Fig. 2a). Plotted on a logarithmic scale, the strong linear 
relationship between excess activity and depth (r=0.951; p<0.001) indicates no evidence 
of physical or biological disturbance and a constant sediment mass accumulation rate of 
0.477 g cm*2 y l was calculated. This sediment accumulation rate is within the range of 
values published for this region of the Bay (Cornwell et al., 1996; Officer et al., 1984b). 
X-ray radiographs of sections of the core (0-30 cm, 37-67 cm, 140-170 cm true depth; 
Appendix X) displayed fine laminae and few tube burrows, also indicating little 
disturbance to the sediment. Matching radioisotope activities at similar depths in the box 
and kasten core provide evidence that the surficial sediments were well-recovered by the 
kasten core. To correct for differential compaction of the core, depth was normalized to 
the mean porosity of 0.89 (calculated by drying and reweighing sediments to obtain water 
content and then correcting for pore water salt content and assuming an average sediment 
density of 2.6 g cm'3). A linear accumulation rate of 1.67 cm y*1 was then calculated. It is 
important to note that, while the choice of normalization porosity will affect the linear 
accumulation rate, it will not influence the calculated mass accumulation rate. Likewise, 
the date assignments of individual samples will not be affected because their relative 
normalized depth is unchanged by the choice of normalization porosity. Only normalized 
depth is referred to hereafter, but both are listed in Table 1 for the purpose of conversion. 
l37Cs was present in the core to a depth of 70 cm. By assuming 1954 as the year of initial 
input (Ritchie and McHenrey, 1990) a linear accumulation rate of 1.69 cm y‘l is 
calculated. Maximum lJTCs activity was measured in a sample at 55 cm depth in the core. 
Using 1964 as the accepted year of maximum input (Ritchie and McHenrey, 1990) an 
accumulation rate of 1.70 cm y'1 is calculated. Both l3TCs-derived accumulation rates are 
in close agreement with the 210Pb-derived rate.
It would be inappropriate to assume that the !>0Pb-derived accumulation rate can 
be extended below 100 cm depth (the Tower’ core) where there is no excess ZI0Pb activity
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considering evidence (Brush, 1989: Cooper and Brush, 1991) that accumulation rates 
have increased during the past three centuries at some sites in CB due to agricultural 
development in the watershed. Instead, dated pollen horizons were used to provide age 
estimates for discrete sediment horizons in the lower portion of the core (Fig. 2b). For 
example, clearance of land during the initial phase of European settlement occurred 
between 1610 and 1640 in this region and is indicated in the sediment by an increase in 
the proportion of Ambrosia (ragweed) pollen (a change from <1% to >1%) relative to 
other types of pollen (Brush, 1984; Brush et al., 1982). This horizon occurs between 388 
cm (core bottom) and 324 cm depth in the core. The ‘agricultural revival’, or shift to 
intensive agricultural land usage (1780-1840), indicated by an increase in the relative 
proportion of ragweed to greater than 10% and a decrease in the oak/ragweed pollen ratio 
to less than S (Brush, 1984; Brush et al., 1982), is found between 190 and ISO cm depth 
in the core. Lastly, a decrease in the relative amount of ragweed pollen (95 to 80 cm 
depth) corresponds to the period of farm abandonment and forest regrowth which, 
although beginning in the mid-l9th century, saw increased rates during the Depression of 
the 1930’s (Brush, 1989). Together, pollen/microfossil indicators indicate an 
accumulation rate closer to 1.0 cm y‘l for the lower (<100 cm depth) portion of the core 
(versus 1.67 cm y'1 for the upper core). As it is difficult to model this gradual change in 
accumulation rate and most of the chemical changes occur in the upper portion of the 
core, chemical stratigraphies are based upon a constant linear accumulation rate of 1.67 
cm y'1 for the upper portion of the core, and indicate specific horizons that can be 
constrained in age by pollen stratigraphy in the lower core.
Bulk Geochemistry
The sediment was marked by abrupt changes in color at two horizons: from light 
gray in the lower core to dark gray at 100 cm depth corresponding to the year 1934 (± S 
y), and from dark gray to black in the upper portion of the core at 80 cm depth 
corresponding to the year 1948 (± 4 y). These horizons are indicated by dashed lines on 
all of the following geochemical profiles and tables both for reference and because 
significant geochemical changes occur across these horizons. The concentration profiles
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of radiogenic isotopes and other geochemical variations cannot be attributed to grain size 
variation which remains constant throughout the core (determined gravimetrically by 
differential settling).
TOC concentrations increase abruptly (by 40%) across the 1934 sediment horizon 
from an average concentration of 17.7 (±0.86) rag C g l sed. in the 40 cm below, to 25.1 
(±0.61) mg C g'1 sed. in the 40 cm above this horizon (Fig. 3a and Tab. I). In the upper 
10 cm of the core, TOC concentrations rapidly increase to 34.6 mg C g'1 sed. at the 
sediment surface. The rate of upcore increase in TN concentration is more gradual and 
shows no abrupt transitions except for a slight increase above the 1934 horizon and a 
rapid increase in the upper 10 cm of the core (Tab. 1). As a result, the molar ratio of C/N 
also changes dramatically across the 1934 sediment horizon, increasing from 9.9 to 12.4 
(Fig. 3b). C/N decreases from the 1934 horizon to the surface sediment to values 
between 8 and 9, typical of algal-derived OM sources (Meyers, 1994). The C/N decrease 
since 1934 could be due either to preferential remineralization of N relative to TOC over 
rime or to increases in deposition of algal versus terrestrial OM. Also plotted in Figure 
3a, is an organic carbon profile predicted by the diageneric model of Middelburg (1989) 
which assumes steady input and a rime-dependent decomposition rate parameter.
Between 1934 and 1986, there has been OM preservation in excess of that predicted by 
this diageneric model. The nature and origin of this excess OM is investigated using 
diageneric models, lipid biomarkers and other geochemical indicators (below).
Concentrations of biogenic silica (BSi; Fig. 4a) remain generally constant at 
depths below 100 cm (mean=17.9 ± 1.5 mg g* dry sediment). Across the 1934 sediment 
horizon, BSi increases by an average of 20% (mean of 21.6 ± 2.1 mg g'1 dry sediment 
dated between 1934 and 1970). Except for a single interval of lower BSi concentration 
(56-60 cm depth), sediment BSi concentrations generally increase from the 1934 horizon 
to the surface and average 28.1 ± 1.7 mg g 1 dry sed. in sediments deposited since 1970. 
BSi and TOC concentrations are linearly correlated throughout the core (rz = 0.786;
p<0.001).
The ratio of acid volatile sulfur (AVS = FeS) to chromium reducible sulfur (CRS 
= pyrite and S°) is an indicator of bottom water oxygenation conditions (Roden and
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Tuttle, 1993). Because sulfur as FeS is in a lower oxidation state than sulfur as pyrite, an 
increase in this ratio indicates a depositional environment lower in free oxygen. The 
AVS/CRS ratio provides a more reliable proxy for bottom water oxygenation condition 
than DOP because it is less affected by changes in Fe availability. Roden and Tuttle 
(1993) found higher AVS/CRS ratios in surface sediments of CB in areas of relatively 
stronger reducing conditions. In the M3 core, both CRS and AVS remain at a constant 
concentration in the lower (pre-1934) portion of the core (Tab. 1). CRS concentrations 
decrease abruptly (from 402 to 131 nmol g'1 dry sed.) across the 1934 sediment horizon 
while AVS doubles. The sediment AVS/CRS ratio increases progressively in sediments 
deposited between 1934 and 1948 (Fig. 4b) indicating either a transition to stronger 
reducing conditions or to more frequent occurrences of hypoxic/anoxic conditions at the 
study site (Fig. 4b). The AVS/CRS ratio remains relatively constant between 1948 and 
1986 (an order of magnitude higher than in pre-1934 sediments) and increases again in 
top 3 cm. Total sulfur, as determined by elemental analyzer, also increases by 39% from 
the sample immediately below to above the 1934 sediment horizon (data not shown).
Lipid Biomarkers
Total extractable lipid (determined gravimetrically) ranges from 47 mg g'1 dry sed. 
in the surface sediments to 3.6 mg g'1 dry sed. in the oldest sediments. Concentrations (|ig 
g ' dry sed.) of total sterols, total fatty acids and fatty acid compound classes, and selected 
neutral lipids (sterol, hopanol and fatty alcohol) compounds are presented in Table 2. 
Concentrations of selected fatty acid compounds used as biomarkers are shown in Table 
3. The compounds listed and discussed in the following were chosen because 
unambiguous source assignments could be made for these compounds and they were 
present in large enough abundance to be reliably quantified. Note that both the 16.9 cm 
and the 366.9 cm depth sample were analyzed twice (the latter for neutral lipids only). 
While most duplicate analyses were within 20% agreement, some differed by a factor of 
two. However, all duplicate compound analyses were within a range necessary to 
validate the following trends.
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Overall, the upper 2 cm of the core (3 samples) has lipid compound and 
compound class abundances which greatly exceed the rest of the core. For example, most 
sterol and fatty acid compound and compound classes are 2 to 4 times more abundant in 
the upper 2 cm of the core relative to the 4-17 cm interval. However, the hopanols and 
long-chain alcohols are only slightly enriched (I to 1.5 times) while certain 
polyunsaturated fatty acid (PUFA) compounds and branched fatty acids as a whole were 
4 to 15 times more abundant in the upper 2 cm of the core. Concentrations of all the 
compound and compound classes examined decrease downward in the core and tend to 
reach a level of constant concentration at depths ranging from 80 to 100 cm.
By expressing lipid concentrations relative to TOC, the effects of differential 
diagenetic decomposition on compound abundances over time are lessened while the 
changing quality of the OM that has been preserved since 1934 is revealed. Individual 
lipid compounds derived from plankton (Fig. 5) and microbial sources (Fig. 6) show 
similar patterns of post-1948 enrichment relative to TOC, possibly signaling an increase 
in autotrophic and heterotrophic production in the mesohaline region of the Bay at that 
time. For example, OM deposited in the 30 years after 1948 is, on average, nearly twice 
as rich in 24-methyIcholesta-5,22-dien-3f3-ol (brassicasterol) and 24-methylchoIesta- 
5,24(28)-dien-3(3-ol (24-methylenechoIesterol), both derived mainly from diatoms 
(Berenberg and Patterson, 1981; Gillan et al., 1981; Kates et al., 1978; Orcutt and 
Patterson, 1975; Volkman, 1986), relative to OM deposited prior to 1934. These 
enrichments increase progressively to the present The influence of diagenesis on these 
geochemical profiles will be examined further in the following section. The 4-methyl 
sterols, derived mainly from dinoflagellates (Boon et al., 1979; Volkman, 1986), display 
a similar pattern of progressive enrichment (65% increase in the 30 years after 1948 
relative to before 1934). Other lipid biomarkers with mixed planktonic sources including 
16:1(09 and 18:lai9 monounsaturated fatty acids, and C*, and C3 polyunsaturated fatty 
acids primarily derived from phytoplankton (Cranwell, 1982; Killops and Killops, 1993; 
Volkman, 1986), as well as cholest-5-en-3(i-ol (cholesterol), mainly from zooplankton 
(Killops and Killops, 1993; Volkman, 1986), are enriched relative to carbon by 57%,
177% and 25%, respectively, during the same time period.
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Lipid compounds typically derived from bacterial sources such as the iso- and 
anteiso-branched CtJ and Cn and 10-methyl 16:0 fatty acids, characteristic of sulfate 
reducing bacteria (Edlund et al., 1985; Kaneda, 1991; Parkes and Taylor, 1983) and the 
hopanols derived from a variety of bacteria (Cranwell, 1982; Ourisson et al., 1979; 
Rohmer et al., 1984) and some bactivorous ciliates (Harvey and McManus, 1991) are 
similarly enriched in the upper portion of the core (Fig. 6). Relative to TOC, sediments 
deposited between 1948 and 1970 are more enriched in these three microbially-derived 
lipid groups than older sediments (by 57%, 46% and 314%, respectively). Note that 
while concentrations of these biomarker compounds are variable in bacteria, the source- 
specificity of these compounds still allows their use as conservative indicators of relative 
changes in OM contributions from microbial sources. Phospholipid fatty acid data 
(unpublished) indicate that 5-15% of the sedimentary fatty acids may be present as viable 
bacterial biomass. This proportion is closer to 30% in near surface sediments and for 
branched fatty acids in particular. It is also unclear at present, what portion of the 
bacterial signal may be derived from sedimentary versus water-column bacterial 
communities.
In contrast, the amount of OM likely to have been derived from terrestrial sources 
shows no overall enrichment since 1948 (Fig. 7). TOC-normalized concentrations of 
total long-chain even-numbered n-alkanoic acids and n-alkanols, both derived from land- 
plants (Cranwell, 1982; Rieley et al., 1991), decrease by 5% and 36%, respectively, 
across this sediment horizon. The decrease may be attributable to increased deposition of 
autochthonous OM while allochthonous OM deposition remains constant. Moreover, 
there is no significant difference in the concentrations of the terrestrially-derived lipid 
compounds examined after versus prior to 1948 when expressed on a weight basis 
(Tables 2 and 3). The high degree of variability in the concentration of these compounds 
in adjacent sediment horizons from each section of the core probably reflects inter-annual 
and seasonal variability in autochthonous material supply.
Three sterols which are often found in vascular plants, 24-ethylcholesta-5,22E- 
dien-3f)-ol (stigmasterol), 24-methylcholest-5-en-3 $-ol (campesterol), and 24- 
ethy!choIest-5-en-3P-ol (P-sitosterol) (Killops and Killops, 1993; Nichols et al., 1982)
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were not used as biomarkers for terrestrial OM input to Chesapeake Bay for two reasons. 
First, the source assignment of these markers can not be said to be unambiguous as a 
number of studies have found significant quantities of these sterols in phytoplankton 
(Volkman et al., 1981; Volkman, 1986). Second, these compounds are more enriched in 
Chesapeake Bay surface sediments underlying high productivity regions (mid-Bay) 
compared to northem-Bay surface sediments where terrestrially derived OM is relatively 
more important (Chapter 2). Coprostanol (5p-cholestan-30-ol), a sterol derived from 
sewage input (Kanazawa and Teshima, 1978), was not found to be present in this core or 
any surface sediment samples from Chesapeake Bay mainstem that were examined.




The M3 core data suggests that a major environmental change in the mesohaline 
region of CB occurred between 1934 and 1948. The increased storage of AVS occurring 
at this time is interpreted as an indication of a shift toward more reducing conditions in 
bottom waters. A concomitant decrease in CRS storage may be interpreted as sulfur loss 
due to dissolved sulfide release into anoxic bottom waters, a process which is observed 
today in CB (Millero, 1991; Roden and Tuttle, 1992). Other possibilities that could 
explain the decrease in total reduced sulfur include changes in iron availability and 
decreased sulfate reduction due either to decreased OM or sulfate supply. However, no 
significant change in reactive iron concentration was found throughout the sediments of 
the core (extracted with IN HC1 over 24 h at room temp, and measured by atomic 
absorption spectrophotometry). OM availability has obviously increased rather than the 
decreased and climate and microfossil evidence indicate no unidirectional change in 
salinity of the Bay’s bottom waters since the 1930’s (Cronin et al., 2000).
The stability of the AVS/CRS ratio between 1934 and 1983 may reflect the 
relatively consistent (or only slightly increasing) levels of seasonal anoxia present in the 
Bay during this time period (Seliger et al., 198S). Higher ratios in sediments deposited in 
the mid- to Iate-I980’s reflect episodes of more severe anoxia characteristic of recent 
decades (Seliger and Boggs, 1988). Changes in sulfur speciation in the upper 4 cm 
portion of the core are probably related to active sulfate reduction and seasonal variability 
(Roden and Tuttle, 1993), so fine-scale interpretation of this region of the sediment is 
probably unwarranted. Cooper and Brush (1991; 1993) also noted major increases in 
sedimentary DOP values as well as total sulfur occurring in the mid-20th century in cores 
from the same region. In contrast to this previous work, there is no evidence for 
progressive environmental degradation prior to 1934. In the sediments of a core from a 
nearby site, Cornwell and Sampou (1995) also observed a trend of increasing AVS from 
mid-century (1950) to the present, further suggesting that Iow-oxygen events may 
increased in frequency or duration since that time in this region of the Bay.
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Microfossil evidence further supports the conclusion that a major environmental 
change occurred during the 1930-40’s. The ratio of Ammonia parkinsoniana (a low- 
oxygen tolerant bethic foraminifera species) to Elphidia excavation (an oxygen-sensitive 
foraminifera) has been used as an indicator of oxygen depletion in coastal environments 
(Sen Gupta et al., 1996). An examination of the benthic foraminiferal record of the M3 
core (using the same samples that were analyzed in this study) along with other cores 
from the same region of the Bay found a major decrease in the abundance of the, 
Elphidium and progressive increases in Ammonia across the 1934 sediment horizon 
(Karlsen and Cronin, in preparation). Cooper and Brush (1993) and Cooper (1995) 
examined the diatom record in cores collected in the same region of CB. They found a 
dramatic increase in the centric.pennate diatom ratio and a decrease in diatom diversity, 
indicators of deteriorating water quality, in sediments deposited since 1940. However, 
these workers also found shifts in these proxies beginning as early as the 18th century 
rather than the abrupt mid-20th century transition that is observed here.
There may also be evidence for the onset of anoxia/hypoxia in this region of the 
Bay in the abrupt increase in carbon preservation that occurs at the 1934 sediment 
horizon. The factors which cause enhanced OM preservation are still controversial.
While some have found evidence that oxygen depletion in bottom waters alone can lead 
to enhanced sedimentary organic carbon preservation, others argue that increased 
sediment accumulation rate is required to enhance TOC burial efficiency and, therefore, 
preservation (reviews in Hedges and Keil, 1995; Henrichs, 1992). In the M3 core, 
sediment grain size and extent of bioturbation do not change across the 1934 horizon. 
Sediment accumulation rates may have increased by two-thirds over the last three 
centuries but this change probably occurred gradually as radionuclide, pollen and 
microfossil data do not point to any abrupt change in sediment accumulation rate during 
this century which could lead to a sudden increase in TOC preservation. Two non­
exclusive possibilities that might explain the TOC increase are: a sudden increase in 
water column productivity and subsequent OM delivery to the sediment, or a sudden 
onset of strengthened seasonal oxygen depletion resulting in less degradation of 
particulate OM in the water column or surficial sediment prior to burial. The abrupt
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transition may be linked, ultimately, to both climatological and anthropogenic causes.
For example, the early 1930’s were relatively dry, even drought years, while stream 
discharge for the Susquehanna and other Chesapeake tributaries were above average in 
the late I930’s and early 1940’s (U.S.G.S.). In addition to strengthened vertical 
stratification which isolates bottom waters from oxygen resupply, increased runoff 
probably carried with it nutrients derived from fertilizers which were applied at ever 
increasing rates in the 1930’s (USBC, 1975). The sudden onset of seasonal 
anoxia/hypoxia, therefore, may have been due to a simultaneous decrease in oxygen 
supply by advection and an increase in oxygen consumption by microbial mineralization 
of an increased amount of labile OM in the water column. In the following section, TOC 
and organic biomarker concentration profiles are used to examine the evidence for 
advancing eutrophication (i.e. increased water column OM production) and changes in 
the character of OM deposited since 1934.
Temporal Changes in Organic Matter Composition and Diagenesis
Biogenic silica, TOC and lipid biomarkers indicative of autochthonous sources 
increase on both a mass and carbon normalized basis in sediments deposited only after 
1934. The problem we face, however, is resolving whether the TOC and lipid biomarker 
compound concentration profiles are produced by steady-state diagenetic processes or 
non-steady-state (increasing) inputs. That is, can the downcore TOC profiles be predicted 
assuming OM input to the sediment surface has remained constant over the last century or 
must we posit some change in the amount or quality of OM deposited at this site? In the 
following discussion, it is assumed that the constant mass accumulation rate that was 
calculated radiochronometrically applies to the whole core. Concentrations of organic 
components in the sediment can be used, therefore, as indicators of influx and/or removal 
(degradation).
Total Organic Carbon - The degradation of sedimentary OM is often modeled using the 
first-order G-model (Berner, 1964) in which metabolizable OM (G J is assumed to be 
remineralized at a constant rate, k, at any time t, such that:
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1)
where Gn represents the concentration of metabolizable TOC present at the sediment
surface and G . is the asymptotic TOC concentration at depth and represents non- 
metabolizable carbon. Note that & is an 'apparent’ degradation rate constant that 
represents the sum of both OM removal (such as microbially-mediated remineralization 
and geopolymerization or incorporation into a bound pool) and additive (such as 
microbial synthesis) diagenetic processes. Although the M3 core TOC profile can be tit to 
an exponential function (Fig. 8a. i.e. equation 1; the single G-model; r:=0.893, p<0.0001), 
there is structure in the pattern of residuals (observed values minus predicted values) 
which are suggestive of non-steady state processes influencing TOC deposition or 
preservation particularly between 10 and 60 years before the present.
The multi-G model (Berner, 1980) incorporates the concept of distinct portions of 
the OM (G,, G,...etc.), each with differing reactivities (kv &,...etc.). By converting 
equation 1 to its linear form:
and plotting ln(Gm/Gm) versus t, time periods of constant degradation rate (k = the slope)
i)
can be identified (Westrich and Bemer, 1984). In the M3 core, it is apparent that there 
are three distinct portions of the TOC profile (Fig. 8b.). The upper 10 cm of the profile 
(samples between 0.2 and 6 years in age) degrade with an apparent rate constant close to - 
0.19 y '. While it is difficult to compare systems for which environmental factors and 
OM composition may differ, this rate constant is on the same order of magnitude as those 
derived from both laboratory experiments and Held observations of steady state systems, 
where TOC decomposition was examined over time scales of days to a few years 
(Henrichs, 1992 and references therein). So this portion of the TOC profile can be 
explained by a simple diagenetic model without invoidng non-steady state diagenetic 
processes. Modeled decay constants generally in the range of -0.03 to -0.009 y ‘ have 
been reported for TOC decomposition in sediments examined at time scales in the 10’s to 
100’s of years range (Henrichs, 1992 and references therein). These rates are similar to 
the k of -0.027 y'1 and -0.015 y 1 (-0.009 y* using an accumulation rate of 1 cm y *) for the 
2-60 y and 60-300 y portion of the core, respectively. Direct comparison is difficult,
ln(Gm/Gm) = - a  + ln(G«/GJ 2)o 0
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however, because no ocher studies were found where OM degradation was examined at 
these time scales with similar sedimentation rates and OM quantity. It is of note, 
however, that a distinct increase (about 2 x) in apparent k occurs at 60 y (100 cm depth). 
This could result from an increase in the lability of OM deposited since 1934, a 
progressively increasing quantity of OM deposited since 1934, or as an artifact of the 
graphical analysis (pointed out by Middelburg, 1989), or some combination of these 
explanations. In any case, despite the appearance of steady state conditions within each 
of the three zones of the TOC profile, deposition and/or preservation conditions during 
the whole time period encompassed by this core can be characterized as non-steady state.
Another modeling approach is that of Middelburg (1989), who found that a strong 
relationship exists between the decay constant and time, reflecting a continuous decrease 
in the reactivity of OM with time since burial. A time-dependent rate parameter
fc = 0.16t<W5 3)
was derived by Middelburg (1989) using both laboratory and Held data, from both oxic 
and anoxic systems, and was shown to be valid over eight orders of magnitude of time. 
This model under-predicts TOC preservation only in the 10-100 cm interval of the M3 
core (Fig. 3a). Further, k derived for time intervals (i.e. At between each sample) in the 0 
to 10 cm and 100 to 400 cm portions of the core followed the relationship with time 
predicted by equation 3, while calculated fc’s in the 10-100 cm interval were greater than 
predicted. Non-steady state conditions are suggested by the mismatch in the middle 
portion of the core (1934 to 1992). These observations suggest, but do not prove, the 
onset of eutrophication (i.e. increased OM input) in this region of the Bay beginning in 
1934.
Lipid Biomarkers - The profiles of the sterol, alcohol, and fatty acid biomarkers all show 
that the OM preserved in sediments deposited since 1934 is increasingly enriched in 
plankton and microbially derived material. By normalizing biomarker concentrations to 
TOC (Figs. 5-7), some of the effects attributable to decomposition are eliminated.
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However, a compound that decays at a rate greater than TOC will still appear to decrease 
in abundance downcore relative to TOC and a compound that decays at a rate less than 
that of TOC, will appear to increase downcore. It has been shown that, at least at some 
timescales and in some environments, specific lipid biomarker compounds or compound 
groups decay at rates different from TOC and different from each other. Generally 
speaking, fatty acids are more reactive than TOC or sterols and increase in reactivity with 
increasing numbers of double-bonds (Canuel and Martens, 1996; Haddad et al., 1991;
Lee et al., 1977; Sun and Wakeham, 1994; Sun et al., 1997). It has also been shown that 
4-methyl sterol compounds such as dinosterol are degraded at slower rates than 
cholesterol (Harvey et al., 1989; Kennedy and Brassel, 1991; McCaffrey, 1990; Sun and 
Wakeham, 1994). By examining the downcore ratio of some of these differentially 
reactive pairs, it is determined whether the biomarker record is likely to have been 
skewed by the effects of diagenesis. In the M3 core, the relative amounts of saturated, 
monounsaturated, polyunsaturated and branched fatty acids remain fairly constant below 
a core depth of 10 cm (Fig. 9). The same is true of cholesterol relative to dinosterol and 
the sum of fatty acid compounds relative to the sum of sterol compounds. Thus, the 
extent of remineralization/preservation of these lipid classes (in either the water column 
or sediment) has remained unchanged over the time period represented.
Published apparent rate constants for lipid decomposition also support the 
conclusion that the lipid profiles below 10 cm depth are not a result of diagenetic 
processes in this core. For example, in the Peru upwelling area, where accumulation rates 
are similar to that of the mesohaline CB, sterol decay constants were calculated to be in 
the range of 0.15 y'1 for dinosterol to 0.54 y 1 for cholesterol (McCaffrey, 1990). At these 
rates, 90% of the original compound abundance is removed after 20 years and 5 years, 
respectively. Similarly, fatty acid and sterol degradation rate at Cape Lookout Bight, NC, 
where accumulation rates are 10 cm y'1, are such that 90% of the diagenetic decrease 
would take place within 10-20 years of burial (Canuel and Martens, 1996; Haddad et al., 
1991). The same cannot be said for lipids in Black Sea sediments where degradation 
constants were lower by at least an order of magnitude and asymptotic concentrations are 
not reached until at least 50 years of burial (Sun and Wakeham, 1994). This system may
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not be comparable, however, in that accumulation rates are much lower (<0.02 cm y ') 
and TOC concentrations are twice that of the M3 core.
The preponderance of evidence indicates that the supply of autochthonous OM to 
the study site has increased since 1934. Without evidence for a change in preservation 
conditions, we must chose non-steady state input (increased input) to explain the 2-fold 
(3-fold if the lower accumulation rate supported by pollen dates is used) increase in 
apparent k that characterize sediments deposited after 1934. It would be highly 
improbable that, in this system, decomposition rates of the lipid biomarker compounds 
examined were all the same such that asymptotic concentrations are reached after 60 
years of burial. Instead, it appears that the various sources of these biomarker compounds 
such as dinoflagellates for dinosterol and mainly zoopiankton for cholesterol have 
recorded synchronously increasing OM contributions to the sediment. It is a matter of 
concern, whether organic biomarker proxies for productivity retain valid information after 
such a high degree of loss in the upper reactive zone of the sediment. However, a number 
of studies have found that historic or isotopically reconstructed records of aquatic 
productivity are reflected in organic biomarker signals (e.g. Jasper and Gagosian, 1993; 
Kennedy and Brassel, 1991; Prahl, 1992; Prahl et al., 1989). In summary, although 
compositional changes in the surface sediments (0-10 cm) are probably diagenetic in 
origin, below this chemically dynamic zone the changes appear to be depositional in 
origin. The organic biomarker profiles thus reflect progressively increasing production of 
planktonic and microbially derived organic matter over the past 60 years.
Questions still remain, however, concerning geochemical changes that occur 
immediately across the 1934 sediment horizon. While BSi and TOC abruptly increase 
reflecting an increase in water column productivity, TOC-normalized phytoplankton 
biomarker abundances do not show abrupt increases across this horizon. Apparently, the 
increase in phytoplankton and microbially-derived OM was proportional to the increase 
in TOC at this time. Another possible inconsistency is that while lipid diagenetic 
indicators (Fig. 9) are not significantly different across the 1934 horizon, the C/N ratio 
does increase abruptly upcore. The observed increase in the C/N ratio of OM, however, 
may be due to a change in the type, or nutritional status of phytoplankton-derived OM. 
The concentration of sedimentary TN, too, may be altered by other redox sensitive
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
101
processes such as ammonification and denitrification. At present, the significance of the 
abrupt increase in C/N at the 1934 horizon is unclear.
Summary o f Indicators - To assess the changes in OM sources to the sediments that 
have occurred over the time represented by this core, an index of source contribution (a 
weighted mean of biomarker concentrations for each OM source) was assembled from all 
the biomarker compound distributions listed above. Enrichment factors were then 
calculated by normalizing each of these indices to the mean found in the lower (below 
100 cm) portion of the core, such that a value of unity represents no increase in an OM 
source since 1934 (Fig. 10a). The first appearance of OM enrichment in plankton and 
microbially-derived material begins after 1934 coincident with inorganic indicators of 
increased productivity (BSi and TOC) and hypoxia (AVS/NAVS). Between 1948 and 
1973, plankton and microbial OM sources have increased relative to earlier periods by 
factors of between 2 and 4. Since 1975, there have been 4- to 12-fold enrichments in 
these OM sources. The timing and magnitude of the change in productivity are consistent 
with long-term trends in surface chlorophyll that have increased by roughly 2-fold during 
the last 50 years in the mid-Bay region (Harding and Perry, 1997). It has been estimated 
that a 15-fold increase in inorganic nitrogen since pre-industrial times has led to a 
doubling of phytoplankton production in Narragansett Bay, RI. (Nixon, 1997). For CB, 
it is estimated that nitrogen loading has increased by 5 to 8 times and phosphorous 
loading by 13 to 24 times since pre-colonial times (Boynton et al., 1995). So a doubling 
of autotrophic production in CB might also be predicted.
The organic and inorganic geochemical changes which are observed appear 
contemporaneously with an increase in the use of inorganic fertilizers in the state of 
Maryland and the U.S. in general (Fig. 10b) when synthetic nitrogen fertilizers were first 
introduced in the 1940’s (Vitousek et al., 1997). Increases in fixed nitrogen loadings 
derived from all sources including atmospheric deposition occurred in the 30’s and 40’s 
to most northeastern coastal waters (Jaworski et al., 1997). Although the increased 
nutrient loadings, anoxia/hypoxia indicators, and OM deposition and preservation appear 
synchronously, a single ‘cause and effect’ relationship should not be made because other 
probable changes such as increases in sewage input, urbanization, oyster harvesting and
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animal husbandry, all linked with increasing human population growth rate (Fig. 10b), 
occurred at the same time in the CB watershed and in most parts of the eastern United 
States (Dodd, 1993). Further, this work was based upon the geochemical record of a 
single core in the mesohaline region of the Bay; additional work will be undertaken to 
extend these findings to other portions of the estuary.
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
CONCLUSIONS
103
Many paleoenvironmental reconstruction studies rely on one or a few inorganic or 
bulk organic chemical indicators of environmental change. However, in the estuarine 
environment physical and geochemical conditions of deposition may change on short 
timescales and there exists a variety of possible sources of OM whose quality may also 
change on short timescales. It is for this reason that a combined inorganic and lipid 
geochemical analysis approach, along with diagenetic modeling, has proved itself to be 
useful, even necessary, when working in the estuarine environment.
The M3 core data indicates that major changes in bottom water oxygenation 
conditions and organic carbon deposition in the mesohaline portion of Chesapeake Bay 
began rather abruptly between 1934 and 1948. TOC delivery and storage increased 
abruptly at this time and remain in excess of that predicted by diagenetic models. 
Although it remains uncertain whether increased water-column productivity or decreased 
water column mineralization or both, are the cause of this shift, the combination of 
inorganic and organic productivity indicators (biogenic silica and phytoplankton derived 
lipids increase concurrently) point toward the former explanation. Not only has OM 
storage increased, but a qualitative change, toward organic carbon derived increasingly 
from plankton and microbial sources, has occurred. These changes in OM composition 
are also not predicted by diagenetic modeling. Increased phytoplankton and zooplankton 
production is the likely cause of these changes. Fluctuations in the sources of organic 
carbon deposited in mesohaline Chesapeake Bay sediments indicate an increased 
availability of labile forms of organic matter to higher organisms with potential 
consequences for the trophic balance of the estuary. These findings demonstrate that 
anthropogenic activities within estuarine watersheds can exert a substantial influence on 
carbon cycling processes in estuaries. Impacts on carbon cycling and the ecology of the 
coastal ocean are also possible to the extent that estuarine productivity may be 
subsequently exported.
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0-0.5 0.09 1996.2 34.6 4.7 15.9 234.4 0.07
0.5-1.0 0.28 1996.1 36.5 5.3 23.8 218.6 0.11
1.0-1.5 0.57 1995.9 35.9 4.8 n.d. n.d. n.d.
1.5-20 0.97 1995.7 34.1 4.5 41.2 171.7 0.24
20-25 1.36 1995.4 34.1 4.6 52.7 176.1 0.30
2.5-3.0 1.76 1995.2 33.8 4.5 39.7 193.6 0.20
3.0-3.5 2.16 1995.0 32.8 4.5 40.7 202.6 0.20
3.5-4.0 2.56 1994.7 32.7 4.6 73.4 167.3 0.44
4.0-4.5 2.95 1994.5 33.4 4.6 65.5 194.3 0.34
4.5-5.0 3.35 1994.2 32.8 4.5 62.0 204.8 0.30
5.0-7.0 4.34 1993.7 31.4 4.2 32.8 285.7 0.11
10-12 8.57 1991.1 27.2 3.5 39.3 225.1 0.17
15-17 12.62 1988.7 26.9 3.4 66.1 238.3 0.28
20-22 16.88 1986.1 29.1 3.6 37.0 247.0 0.15
25-27 21.28 1983.5 28.5 3.8 43.5 325.6 0.13
40-42 34.11 1975.8 26.4 3.3 29.2 241.0 0.12
50-52 44.36 1969.6 27.7 3.2 17.2 109.0 0.16
60-62 56.71 1962.2 25.8 2 8 16.7 108.6 0.15
62.5-63 59.05 1960.8 24.9 2.8 n.d. n.d. n.d.
63-63.5 59.72 1960.4 24.7 2.7 15.3 124.6 0.12
63.5-67 62.4 1958.8 24.1 2.7 14.7 100.8 0.15
70-72 70.11 1954.2 25.0 2.7 10.0 107.7 0.09
75-77 76.78 1950.2 26.0 2.7 14.6 95.8 0.15
80-62 83.36 1946.2 25.8 2.6 14.4 111.3 0.13
85-87 89.94 1942.3 24.9 2.5 6.4 126.9 0.05
90-92 96.69 1938.3 25.1 2.4 11.2 131.1 0.09
100-102 111.17 1929.6 19.0 2.2 6.0 402.3 0.01
110-112 126.51 1910 17.4 2.2 n.d. n.d. n.d.
120-122 141.92 1891 17.1 2.1 4.4 423.0 0.01
130-132 157.46 1872 17.4 2.2 3.5 365.2 0.01
150-152 189.61 1832 16.3 2.1 3.3 324.3 0.01
170-172 226.85 1785 15.2 1.9 1.6 327.1 0.00
190-192 264.18 1738 15.4 2.0 1.2 300.8 0.00
210-212 303.34 1689 16.0 1.9 1.7 322.0 0.01
240-242 366.88 1610 14.8 1.8 n.d. n.d. n.d.
1. Ages below 110 cm are derived from pollen analysis
2. Acid volatile sulfur = iron monosulfide (FeS)
3. Chromium reducible sulfur = pyrite and elemental sulfur (FeSj and S°)
4. n.d. s  not determined
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Figure 1. Location of core collection site (M3) in the mesohaline portion of Chesapeake 
Bay.
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Figure 2. Dating of M3 core using a, :i0Pb and l37Cs radiochronology and b, ragweed 
pollen (%) with date assignments. Depth, on left is normalized to a mean porosity of 0.89 
and correlate to dates (at right) based on the :i0Pb-derived constant accumulation rate.
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Figure 3. a, Total organic carbon (TOC) concentration in site M3 sediments. Curve 
plotted is TOC calculated using the model of Middelburg (1989) assuming constant 
organic carbon accumulation, b. Molar TOC/total nitrogen ratio. Dashed horizontal lines 
represent sediment color change horizons. Depth, on left is normalized to a mean porosity 
of 0.89 and correlate to dates (at right) based on the 210Pb-derived constant accumulation 
rate since 1925 and pollen chronology prior to 1925.
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Figure 4. a, Biogenic silica (mg g'* dry sed.), and b, the ratio of acid volatile sulfur 
(AVS) to chromium reducible sulfur (CRS) in M3 core sediments. Vertical axes are as 
indicated in Fig. 3.















































Figure 5. TOC normalized concentrations (ng mg'1 TOC) of lipid biomarkers derived 
from planktonic sources in sediments of M3 core. Error bars represent the range of 
duplicate analyses of a single sample. Vertical axes are as indicated in Fig. 3.
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Figure 6. TOC normalized concentrations (ng mg'1 TOC) of lipid biomarkers from 
microbially-derived sources in sediments of M3 core. Error bars represent the range of 
duplicate analyses of a single sample. Vertical axes are as indicated in Fig. 3.
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Figure 7. TOC normalized concentrations (ng mg' TOC) of lipid biomarkers from 
terrestrially-derived sources in sediments of M3 core. Error bars represent the range of 
duplicate analyses of a single sample. Vertical axes are as indicated in Fig. 3.
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Figure 8. a., TOC concentration versus time and fit of simple exponential curve, b., Plot 
of ln(G„/ Gm) versus time. G-was set at 24.0 mg C g'1 sed. for the upper (above 100 cm
depth) portion of the core and 14.5 mg C g'1 sed. for G„ in the lower (below 100 cm 
depth) core. Gm values are the difference between measured TOC and G„. Linear 
relationships are shown for the time intervals: 0-3 y, 5-60 y and 60-220 y (p<0.001).
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Figure 9. a., Downcore percent abundance of saturated, monounsaturated and 
polyunsaturated fatty acids and b., the ratio of cholesterol to dinosterol and total fatty 
acids to total sterols in M3 core sediments. Dotted line at 10 cm depth indicates the 
upper sediment zone of active diagenesis in this and the following figure.
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Figure 10. a, Downcore enrichment factors of OM derived from phytoplankton (open 
circles), bacterial (Ailed circles) and terrestrial (Ailed squares) sources. Enrichment 
factors are means of all biomarker compounds concentrations (equally weighted) 
mentioned in text for each OM source and normalized to lower core (below 100cm depth) 
average. These plots were smoothed by a 2-point moving average, b, Historic record of 
commercial fertilizer consumption in the U.S. (xl06t y'‘)(USBC, 1975) and the State of 
Maryland (x 60001 y ') (Cornwell et al, 1996) and human population in Maryland (xlO5) 
(Dodd, 1993).
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CHAPTER 4
HISTORICAL PROGRESSION OF EUTROPHICATION IN THE MESOHALINE 
CHESAPEAKE BAY: A SEDIMENT GEOCHEMICAL RECORD §
§ To be submitted to Limnology and Oceanography
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ABSTRACT
An organic geochemical analysis of sediments in three cores from the mesohaline 
Chesapeake Bay (CB) was carried out to reconstruct the progression of eutrophication 
and anoxia/hypoxia in this estuary over the past four centuries. Sediments were dated 
using a combination of techniques to provide reliable age assignments. The earliest 
evidence of eutrophication was found in the stable isotopic and lipid biomarker signature 
of organic matter in sediments of all three cores deposited beginning 1790 and continuing 
into the 19* century. Enrichments in the carbon and nitrogen isotopic signature of these 
sediments likely result from enhanced primary productivity and nitrogen recycling, 
respectively. Coincidentally, fluxes of total organic carbon increase and episodic 
enrichments (relative to total organic carbon) of algal and bacterially-derived lipid 
biomarker compounds signal a change in the sources of OM to the sediments. During 
this period, an increase in diatom abundance relative to other algal groups was indicated 
by decreases in the ratio of dinosterol, sitosterol and cholesterol (non-diatom plankton- 
derived sterols) to 24-methylenecholesterol (from diatoms).
More extreme and enduring change occurred after the 1915 with further isotopic 
enrichments, a 1.5 to 2.5-fold increase in TOC deposition and 2- to 5-fold enrichments in 
algal and bacterially-derived lipid biomarker compounds. Increases in dinoflagellates and 
cyanobacteria and decreases in zooplankton biomass relative to diatom biomass occurred 
during this period of advanced eutrophication as indicated by the above lipid biomarker 
compound ratios. No change in the relative contribution of terrestrially-derived OM to 
the sediment was indicated in any of the cores.
Changes in sulfur speciation were used as indicators of redox conditions in CB 
bottom waters. Increases in the ration of acid volatile sulfur to chromium reducible sulfur 
(AVS/CRS) indicate the initial occurrence of anoxia/hypoxia and are first recorded in 
sediments deposited in 1790 at the deepest site (26 m), and in 1915 at a 15 m depth site. 
There was no record of anoxia in sediments deposited at a shallower site (8 m depth). An 
examination of both qualitative evidence and quantitative models of degradation rate 
indicates that diagenesis cannot account for the observed increases in the total amount
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and labile quality of OM deposited during the 19th and 20th centuries. It is also unlikely 
chat the onset of anoxic bottom waters increased preservation of OM in this system. A 
diagenetic model was used to estimate the amount of organic matter that may have been 
lost to degradation over time. Using this approach, it is estimated that both algal and 
bacterial production has increased by 100 to 200% relative to pre-Colonial times with a 
temporal progression similar to the history of anthropogenic alteration of the watershed.
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Microfossil and palynological studies have established that major ecological 
alteration of coastal environments has occurred during recent decades in regions of 
increasing anthropogenic activity (e.g. Barmawidjaja et al., 1995; Brewster-Wingard and 
Ishman, 1999; Sen Gupta et al., 1996). In the Chesapeake Bay (CB), for example, 
Cooper and coworkers showed that changes in diatom community structure indicative of 
declining water quality have occurred since European settlement in the 17th century 
(Cooper, 1995; Cooper and Brush, 1993). These changes have been attributed to 
progressive increases in anthropogenic eutrophication and bottom-water anoxia. In 
addition to their ecological impacts, these environmental changes have the potential to 
alter the biogeochemical cycling of carbon and nitrogen in estuaries and coastal systems. 
Because estuaries are major sites of organic matter (OM) storage and transformation, 
anthropogenic alteration of the processes which occur there have the potential to effect 
global biogeochemical cycles and the ecology of the coastal ocean (Smith and 
Hoilibaugh, 1993).
Recent research has shown that increases in net primary production 
(eutrophication) in temperate estuaries and coastal ecosystems are caused, in large part, 
by increased loadings of nitrogen (Nixon et al., 1996; Vitousek et al., 1997). At one site 
in the mesohaline CB (M3), lipid biomarker data document increases in sediment storage 
of OM derived from phytoplankton and bacterial sources that began at about 1930 
signaling the onset of eutrophication (Chapter 2). As major increases in the availability 
and application of fertilizers occurred in the CB watershed at the same time, a possible 
link between eutrophication and nutrient run-off was inferred. Seasonal anoxia/hypoxia 
is also linked to eutrophication in that oxygen is consumed during the microbial 
remineralization of OM. The geographic extent and/or intensity of both eutrophication 
and bottom-water anoxia, however, may also be related to increased freshwater inflow 
(possibly due to clearance of land for agriculture). Rivers deliver the majority of new 
nutrients to the Bay (Malone et al., 1988) and freshwater inflow can lead to a
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strengthening of water-column stratification which effectively isolates deeper waters and 
prevents/limits oxygen renewal.
At site M3, changes in sulfur speciation, indicating the onset of bottom water 
hypoxia/anoxia, were recorded in sediments deposited concurrently with those containing 
increased autochthonous OM. However, low dissolved oxygen (DO) concentrations as 
well as increased primary production may lead to enhanced preservation of organic 
carbon (Emerson and Hedges, 1988; Lee, 1992; Pedersen and Calvert, 1990) as well as 
individual organic compounds and compound classes (Harvey and Macko, 1997; Sun et 
al., 1997). It was therefore difficult to assign a single cause to the OM enrichments 
observed in the sediments from site M3. In this work, additional sediment cores were 
collected at sites likely to have seen varying levels and timing of anoxia/hypoxia. These 
cores also provide additional spatial and temporal coverage so that the timing and 
progression of eutrophication and the variation in the sources of OM to the sediments of 
CB can be examined.
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Study Sites and Sample Collection
Sediment cores were collected at three sites, RD and RR in the northern and M3 
in the southern portion of the mesohaline region of Chesapeake Bay (Figure 1; Table 1) 
using a 3 m length kasten corer. Compaction and disturbance of the sediment during the 
collection and subsampling process was minimized due to the large cross-section (13 x 13 
cm square) of the kasten core and the ability to remove one side of the core barrel so that 
core extrusion is unnecessary. At site RD, a 4.5 m piston core was also collected and the 
lower portion of this core (> 3.0 m) was used to extend the depositional record for this 
site. The cores were subsectioned at 2 cm intervals in the upper part of each core (see 
Table 1) within 24 hours of core collection. Samples were then homogenized and 
separate portions were placed into pre-combusted glass jars for organic and inorganic 
analyses (stored frozen at -80°C and -20 “C, respectively) and in plastic centrifuge tubes 
for radioisotopic analyses.
Analytical Methods
Details regarding the organic and inorganic analysis methods employed may be 
found in Chapter 2 and Chapter 3, respectively, but are described in brief here. Sediment 
total organic carbon (TOC) and total nitrogen (TN) content were analyzed using a Carlo 
Erba Elemental Analyzer 1108 after the removal of carbonate with HC1. Isotope ratio 
mass spectrometric analyses of oven-dried, HCl-acidified sediments were carried out at 
the UC Davis-Stable Isotope Facility using a continuous flow system with on-line 
combustion (Europa Scientific Integra). Stable carbon and nitrogen isotopic values are 
expressed in standard delta notation relative to PDB and atmospheric Nz standards, 
respectively. 513C values were corrected for the Suess-effect, the historic depletion of 
atmospheric CO, - SI3C due to fossil fuel burning (-1.4 per mil since 1840). We used the 
equation provided by Schelske and Hodell (1995) to calculate a time-dependent 
correction factor that was subtracted from the 8UC value of each individual sample. Total 
Pb, used for dating, was extracted into HN03 and HC1 following the methods of Evans
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and Rigler (1980) and analyzed by flame atomic adsorption using a Perkin-Elmer 
AAnalyst 800. Duplicate analyses of the above parameters were performed and a third 
analysis was carried out in cases where agreement was not within 10%. Sulfur speciation 
analyses were carried out according to the methods of Cornwell and Morse (1987) in 
which chromium-reducible and HCl-volatile portions are released as H,S and quantified 
via Pb-titration.
For radiometric dating, :i0Pb activity was measured by alpha spectroscopy (EG&G 
Ortec) following the methods of Nittrouer et al. (1979) with modifications (Dellapenna et 
al., 1998) in which the radiogenic daughter, Il0Po, is electrodeposited from an acid 
leacheate onto a silver planchet. A^Po spike served as a yield determinant. 131Cs activity 
was measured on whole ground sediment in a well-type intrinsic germanium gamma 
detector (Princeton Gamma-Tech, Inc.). Palynological, microfossil and WC dating 
information were kindly provided by Drs. D. Willard and T. Cronin of the USGS-Reston, 
VA and S. Coleman of USGS-Woods Hole, MA, respectively.
Lipids were extracted from 10 g wet sediment into chloroform:methanol (2:1, v:v) 
aided by sonication (repeated four times). In some cases, samples from adjacent depth 
intervals were combined, homogenized, and subsampled to reduce the affect of inter­
annual variations. Following saponification, the neutral and acidic lipids were extracted 
into hexane sequentially. Following methylation of the acid portion, a silica gel column 
was used to elute fatty acid methyl esters (FAME) which were then analyzed by gas 
chromatography (GC; Hewlett Packard 6890 with a flame ionization detector). The 
alcohols and sterols were similarly isolated from the neutral fraction using adsorptive 
chromatography and were converted to TMS-ethers prior to GC analysis. Lipid 
compounds were quantified by comparison of peak area to that of standard compounds 
(C,t FA and 5a-cholestane) added prior to GC analysis and surrogate compounds (C^ 
FA-CW alcohol ester) added prior to extraction. Peak identifications were confirmed 
using gas chromatography-mass spectrometry.
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RESULTS
Sediment Daring and Accumulation Rates
Because the accurate dating of sediments is of key importance to this project, five 
different dating tools were employed including the radioistopes 210Pb, l37Cs and UC and 
distinct dated horizons indicated by total Pb and ragweed pollen. X-radiographs of each 
core revealed no evidence of major biologic or physical disturbance of the sediments 
(Appendix X). Distinct laminations and logarithmically decreasing :>0Pb activity profiles 
in the RD and M3 cores indicated no upper mixed layer due to bioturbation or 
resuspension and no hiatal periods. The RR core, however, while having visible 
horizontal striations and shelly debris layers, was not laminated and may, therefore, suffer 
from episodes of sediment resuspension or small-scale horizontal mixing. The 
accumulation rate calculated for the RR site is, therefore, a maximal rate because of the 
possibility of downward mixing.
The upper portions of each core display log-linear excess 210Pb profiles when 
plotted against cumulative mass (Appendix I) and can therefore be used to calculate 
constant mass sediment accumulation rates (MAR). Calculated MAR were 1.20S g cm'1 
y'1 (r2 = 0.885), 0.474 g cm'1 y'1 (r2 = 0.949), and 0.138 g cm’2 y'“ (r2 = 0.950) for the upper 
portions of the RD, M3 and RR cores, respectively.
Pollen and l37Cs-derived dated horizons in each core (Appendix II and IV) were 
identified using the approach outlined in Chapter 3. An increase in the rate of total Pb 
deposition (change in slope; Appendix m ) identifies the start of the industrial revolution. 
Although anthropogenic Pb sources include ore smelting which increased during the late 
1800’s and the combustion of leaded gasoline which increased after 1930 (Graney et al., 
1995), a median date of 1910 was ascribed to this geochemical horizon. The peak in total 
Pb found in these core profiles identifies the mid-1970’s (1975 used here) when the 
addition of lead to gasoline was curtailed. The age assignment error associated with these 
horizons range from about ±40 y for the pollen horizons to ±5 y for the OTCs-derived 
horizons.
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l57Cs and total Pb-detived dated horizons in the upper portion of each core are 
supportive of the MAR values derived using radiogenic Pb. Pollen and uC-derived dated 
horizons in the lower portions of the RD and M3 cores (Table 1, Appendix IV), however, 
indicate that sediment MAR have increased since European settlement in agreement with 
findings of other workers (Brush, 1989; Cooper and Brush, 1993; Donoghue, 1990). To 
construct an age-depth model for the whole of each core, a power function was fit to plots 
of cumulative mass versus age of the non-2I0Pb dated horizons in the RD and M3 cores 
(Appendix V). These curves were then used to date samples in the lower portion of these 
cores (below the point of intersection of the power-function and 2l0Pb-derived linear 
curve; 73 cm and 51 cm depth for the RD and M3 cores, respectively). A MC age of 1521 
years at 350 cm depth in the RR core (S. Colman pers. comm.) indicates that the 0.1347 g 
cm2 y ‘ maximal MAR established for the upper portion is similar to the long-term MAR 
for the whole of the RR core (0.120 g cm'2 y *).
MAR was calculated as the slope at each point on the age versus cumulative mass 
curve and linear accumulation rates (LAR) were calculated using the relationship;
MAR = LAR (1-0) 2.6 
where LAR is in units of cm y‘‘, 0 is the unitless sediment porosity and 2.6 is the average 
sediment grain density in units of g cm'5. Porosity, MAR, LAR and final age assignment 
for each core and graphs of these parameters with depth are provided in Appendix VI. 
Mass fluxes of other geochemical species were calculated as the product of sediment 
MAR and the weight percent of each species.
Bulk Indicators
Sediments of all three cores deposited prior to 1790 are of low and constant TOC 
content (-1.5%). A gradual increase in %TOC begins around 1790 and an abrupt 
increase to 2.3 to 3.7% occurs between 1880 and 1915 at the RD and M3 sites and 
slightly later at the RR site (Table 2 and Figure 2a). Maximal TOC content (3.6%) is 
found at a depth of 152 cm in the RD core and then declines to values between 2.5 and 
3.0% in the upper sediment. In contrast, TOC content increases progressively toward the 
sediment surface in the M3 and RR cores. The horizontal gray bars in Figure 2 indicate
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the 1790 and 1915 age horizons in each core and are shown for reference in each 
succeeding figure as major geochemical changes consistently appear across these 
horizons.
The calculated mass flux of organic carbon (TOC-MAR) increases continually 
from the base of the record toward the sediment surface in all three cores (Figure 3a).
The slight increase in the lower portion (pre-1790) of the RD and M3 cores is due to 
increasing sediment MAR. Between 1790 and 1880 both increasing sediment MAR and 
%TOC contribute to the TOC-MAR increase. The abrupt increase in TOC-MAR at the 
beginning of the 20th century results from the increased %TOC at this time. The TOC- 
MAR record at RR is similar to that of %TOC due to the constant MAR at this site. 
Relative to the years prior to 1790, the mean TOC-MAR are 2.2,1.4 and 1.1-fold greater 
between 1790 and 1915 and 4.7,3.6 and 1.3-fold greater after 1915 at the RD, M3 and 
RR sites, respectively.
Prior to 1850, the molar ratio of carbon to nitrogen of the preserved organic 
matter (ONJ in the RD and M3 cores are comparable (mean of about 8) and lower than 
that in the RR core (about 10; Figure 2b). Both TN content (Table 2) and TN mass flux 
increase smoothly up-core at each site (Figure 3b) so major changes in C:Nt occur 
coincidentally with changes in %TOC. In the RD and M3 cores an abrupt increase in the 
C:N, ratio occurs coincidentally with the increase in TOC in the early 20th century while 
a smaller and later (1965) positive shift occurs in the C:N, ratios in the RR core (Figure 
2b, 3a). C:N, values are between 8 and 10 in most sediments of the three cores but values 
as high as 12 to 16 were measured in the mid-20th century sediments of the RD and M3 
cores.
The ratio of acid volatile sulfur to chromium reducible sulfur (AVS/CRS = FeS/ 
FeSj+S°) provides a useful indicator of bottom water oxygenation conditions (Roden and 
Tuttle, 1993; Zimmerman and Canuel, 2000). It is similar to the more traditionally used 
‘degree of pyritization’ but may be more reliable as it is less dependent upon Fe 
availability. Because AVS is a more reduced form of sulfur, increases in AVS/CRS 
signal an increase in the prevalence or intensity of anoxia/hypoxia. In CB sediments, 
increases in AVS/CRS begin at the 1790 horizon at RD and the 1915 horizon at M3
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(Figure 2c). No change in the AVS/CRS ratio is observed in the sediments of the 
shallower RR site.
Up-core enrichments in both organic carbon and nitrogen stable isotopic 
signatures are observed in all three cores (Figure 4). Prior to the 18th century, the three 
profiles are characterized by temporally invariant sediment C and N isotopic 
compositions. In the two northerly cores (RD and RR), episodic >3C enrichments occur 
during the 18th and 19th century. Greater and progressively more positive 5I3C shifts 
occur from 1915 to the present in all three cores. In contrast, positive increases in the 
sediment 5ISN signature occur continuously and progressively since the beginning of the 
18th century in RD and M3 sediments and since the beginning of the 20th century in RR 
sediments. Relative to sediments deposited before 1750, sediments deposited since 1950 
are enriched by an average of 1.4,1.2 and 0.5%o in l3C and 1.8,1.0 and 2.5%c in ,5N in the 
RD, M3 and RR cores, respectively.
Lipid Indicators
Sixty-Five individual fatty acids (FA) and twenty-four sterol (ST) compounds 
were identified in the CB core sediments. Those compound or compound groups selected 
for interpretation (Table 3a-c along with compound abbreviations) were chosen because 
of their greater relative abundance, confidence in identification, unambiguous source 
assignments could be made and because these compounds are most useful for identifying 
the likely sources of OM to CB sediments. In addition, biomarker assignments for this 
system were aided by previous research on the distributions of FA and sterol compounds 
in CB surficial sediments and monocultures of common algal groups in CB (Chapter 2). 
Principal components analysis (PCA) was also used to identify suites of biomarkers with 
similar geochemical associations (i.e. derived from common OM sources). A table of 
biomarkers source assignments with full citations can also be found in Chapter 2.
Total fatty acid (ZFA) and total sterol (ZST) as well as individual FA and ST 
compounds derived from plankton and bacterially-derived sources decrease down-core by 
roughly an order of magnitude in each core (Table 3). However, concentrations of these 
compounds (p,g g ') are, with a few exceptions, relatively invariant in sediments deposited
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prior to the 20th century (below depths of 190,100 and 26 cm in the RD, M3 and RR 
cores, respectively). Compounds likely to be derived from terrestrial sources, Cu alkanol 
(240H) and long-chain fatty acids (LCFA) do not display this pattern but rather are of a 
constant concentration or increase downcore. While some workers have used the sterols, 
campesterol (28A5) stigmasterol (29A5.22) and sitosterol (29A5) as indicators of 
terrestrially-derived OM (Killops and Killops, 1993; Nichols et al., 1982), others 
(Volkman. 1986) have described the occurrence of these compounds in algae. In CB 
surface sediments, we have found that these compounds are more likely derived from 
algal sources based on PCA (Chapter 2) and typical sterol ratios of these OM sources 
(Volkman, 1986). Environmental interpretation using these compounds must therefore 
be done with caution.
In order to examine changes in the quality of OM deposited over time, it is useful 
to examine profiles of biomarker compound concentrations normalized to TOC content 
(Figure S). The advantage of this approach is that the effects of between-site differences 
in the amount of OM deposited and temporal variations in OM input or preservation 
conditions on biomarker compound concentrations are minimized. Instead, TOC 
normalized profiles represent changes in the quality or sources of the organic carbon 
component of the sediments. Many of the carbon normalized profiles of biomarker 
compound concentrations display similar features in all three cores. Prior to 1915, most 
autochthonously-derived lipid biomarkers are of low and constant concentration relative 
to TOC. However, some of these compounds display periodic enrichments in sediments 
deposited during the 19th century, particularly at the RD site.
In the three cores, 24-methylenecholesterol (28A5,24(28)), derived mainly from 
diatoms but also found in some other algal groups (Gillan et al., 1981; Volkman, 1986), 
is enriched relative to TOC by varying amounts (1- to 4-fold) in sediments deposited after 
1915 relative to earlier periods. A lesser enrichment in 28A5,24(28) of about 50% occurs 
in RD core samples deposited between 1750 and 1850 relative to earlier periods. C^ and 
Cs  polyunsaturated fatty acids (ZC^PUFA ) occur in a variety of phytoplankton and 
zooplankton (Killops and Killops, 1993; Volkman, 1986). These compounds are 
enriched in CB surficial sediments mainly during and immediately after the diatom spring
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bloom (Chapter 2). Because of the number of unsaturated bonds, these compounds are 
not stable over long time periods (Shaw and Johns, 198S). Accordingly, they display the 
most episodic enrichment pattern during 1790-1915 in the RD core and up until the 
present in all cores but have a trend of overall increase. Relative to the pre-1790 period, 
the average enrichment of dinosterol (30A22), derived mainly from dinoflagellates 
(Nichols et al., 1984; Volkman, 1986), is about 2- and 4-fold between 1790 and 1850 and 
4- and 7-fold after 1915 in the RD and M3 cores, respectively. Again, the RR core shows 
no enrichment until after 1915. Similarly, cholesterol (27A5), derived from zooplankton 
as well as some algae (Volkman, 1986; Chapter 2), is enriched only in the post-1915 
sediments of all three cores. All of these plankton biomarkers are increasingly enriched 
(by factors of 2-10) in OM deposited after 1915 up until the present. Similar enrichment 
patterns (1915-present) were found for algal biomarkers not shown in Figure 5 such as 
brassicasterol (28A5,22; Table 2) and Ctt and Cl6 mono- and polyunsaturated FA 
compounds (Appendix vm ) which are mainly algal-derived.
Bacterially-derived lipid biomarker compounds are also consistently enriched 
relative to TOC in sediments deposited after 1915, and in some cases during the 19th 
century, relative to the pre-1790 period of low and constant concentration. For example, 
iso- and ammo-branched CIJM7 FA (15,17Br), which are found in a variety of eubacteria 
including sulfate reducers (Goosens et al., 1986; Kaneda, 1991; Parkes and Taylor, 1983), 
are enriched relative to TOC by 2.5-, 2.8- and 4.4-fold after 1915 in the RD, M3 and RR 
cores, respectively, and by about half that amount in the period between 1750 and 1850 
relative to earlier periods. The hopanols are also found in a variety of bacteria (Cranwell, 
1982; Rohmer et al., 1984) and are similarly enriched in post-1915 sediments. In this 
system, the hopanols are most likely associated with cyanobacteria (Chapter 2). A period 
of hopanol enrichment (1.7-fold) also occurs in sediments deposited between 1750 and 
1850 at RD and in a few samples of this period at M3. After 1915, both of these bacterial 
markers (as well as the bacterial marker, 10-methyl branched CIt FA; Table 3) display 
progressive enrichments until the present at all three sites.
Long-chain even-numbered fatty acids (LCFA; >nCn) and 240H have been used 
as indicators of terrestrially derived OM as these compounds are mainly derived from
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vascular plants (Cranwell, 1982; Rieley et al., 1991). In CB surface sediments, these 
compounds were relatively more abundant near the mouth of the Susquehanna River 
(Chapter 2). LCFA are, on the whole, more enriched in sediments of the two northerly 
sites (RD and RR) relative to those of site M3 indicating that these sites may receive 
more terrestrially-derived OM. However, LCFA have also been known to occur in some 
phytoplankton (Volkman et al., 1980). Distributions of LCFA and 240H, display no 
easily discernible temporal trend. Overall, these compound profiles indicate constant or 
even decreasing terrestrial OM inputs to the mesohaline region of CB over the past three 
centuries.




Steady-state degradation of organic matter as a whole or of individual organic 
compounds will produce a down-core profile of exponentially decreasing TOC or 
biomarker concentration. As a result, the possibility that diagenesis rather than a change 
in OM input may have produced the observed profiles must be considered. The 
following section evaluates whether the down-core profiles observed in the CB cores are 
likely the result of steady-state diagenesis. Deviations from the expected steady-state 
diagenetic profile, however, may be due to changes in degradation rate or changes in OM 
input to these sites. We will also attempt to distinguish between these two possibilities.
Total Organic Carbon - A number of qualitative observations argue against the 
hypothesis that TOC deposition has remained constant over time and only steady-state 
diagenetic processes have produced the TOC concentration profiles (Figure 2a). First, 
unlike the typical diagenetic profile which decreases continuously and logarithmically 
down-core, the %TOC profile in the upper portion of the RD increases down-core and 
displays step-like decreases in all three cores. Second, unlike typical C:N, diagenetic 
profiles which increase down-core reflecting preferential remineralization of nitrogen 
(e.g. Rosenfield, 1981), the C:Nt decreases downcore in sections of these cores. Third, 
initial increases in %TOC and TOC-MAR occur around 1790 and major increases occur 
between 1880 and 1930 in each of the three sediment cores. Given the differences in OM 
quality, sediment accumulation rates, and redox conditions at these three sites, it is 
unlikely that the rate of TOC degradation would be the same at each site. Degradation 
rate may be affected by sediment MAR (Henrichs and Reeburg, 1987). But because no 
abrupt change in sediment MAR occurs in these cores, and because sediment MAR at 
each of these sites is quite different, it is unlikely, again, that a change in preservation 
conditions would have occurred nearly synchronously in all of the cores.
Decreased bottom water dissolved oxygen concentration is also generally 
considered to be a possible mechanism for enhancing sediment TOC preservation
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(Demaison and Moore, 1980; Lee, 1992). However, increases in %TOC occur after the 
onset of hypoxia/anoxia (as indicated by AVS/CRS) at the RD site, before its onset at the 
M3 site and there is no evidence that hypoxia/anoxia has ever occurred at site RR. In the 
surface sediment study carried out in CB (Chapter 2), periods and regions of low bottom 
water dissolved oxygen concentration could not be correlated with changes in TOC or TN 
content or lipid composition. For these reasons, it is difficult to ascribe the changes in 
OM storage measured in these cores to changes in bottom water oxygenation level alone.
A consideration of quantitative models of organic matter diagenesis can also aid 
in distinguishing the effects of steady-state diagenesis from those of changing OM input 
and/or preservation. The first-order ‘single-G’ and ‘2-G’ decay models of Berner (1964) 
and Berner (1980), respectively, are commonly used to model the degradation of TOC 
and organic compounds. Using these models, an ‘apparent’ degradation rate constant ‘fc\ 
representing the net rate of downcore change in concentration (i.e. the sum of both OM 
removal and additive processes), can be calculated for a concentration profile of a 
metabolizable organic component Cm with time, t, since burial such that:
single-G: C .sC ^ e '*  (I)
2-G: Cm = Cme* + Cm (2)
where C represents the surface sediment (initial) concentration of the metabolizable
component and C- is the concentration of the non-metabolizable organic component. 
Neither of these equations could successfully model the %TOC profile of the RD core. 
The 2-G model could be fit to the M3 and RR %TOC profiles, thus, a k  of -0.011 and 
-0.027 y‘l, respectively, could be calculated which is within the range of k calculated in 
other studies that have examined TOC diagenesis over similar time periods and 
deposition rates (e.g. -0.02, -  -0.03 y’1 and -0.04 y ‘; Henrichs and Farrington, 1987, 
Henrichs and Doyle, 1986 and Sun and Wakeham, 1994; respectively). However, 
structure within the residuals of the M3 core modeled curve indicated that some factor(s) 
was not accounted for by this model.
Another, perhaps more realistic modeling approach uses a time-dependent rate 
parameter k  = 0.16 f4**, derived by Middelburg (1989) and reflects the continuous 
decrease in reactivity of OM with time since burial. Using both laboratory and field data
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
153
from a variety of systems including both oxic and anoxic conditions, this relationship was 
found to be valid over eight orders of magnitude of time. Only the %TOC profile of the 
RR core approaches one predicted by this model. The RD and M3 profiles deviate from 
this model, particularly between 1800 and 1970 in the RD core and between 1915 and 
1980 in the M3 core suggestion non-steady-state conditions during these periods (Figure 
2a). Because the RR core TOC% profile resembles a hypothetical-diagenetic profile, it 
may be the result of steady-state degradation alone.
To evaluate the extent to which the deviations of the %TOC profiles from one 
expected due to degradation may be due to non-constant sediment accumulation, the 
Middelburg-model %TOC was multiplied by sediment MAR at each depth interval to 
yield a Middelburg-modeled TOC-MAR curve (Figure 3a). The results indicate that 
organic carbon in excess of that which can be attributed to degradation or a change in 
sediment accumulation has been delivered to the sediment since the mid-l800’s at the RD 
and M3 sites. The greatest deviations from the diagenetic profile (increases in OM 
delivery) occur after 1915. Again, the RR site does not deviate from one that can be 
attributed to diagenesis alone. There is a temporal coincidence of water-column 
anoxia/hypoxia and the increased delivery of organic carbon to the sediment however it is 
more likely that hypoxia was the result of enhanced water column productivity (and 
increased OM deposition) rather than the cause of increased sediment OM preservation 
for the reasons discussed above.
Lipid Biomarkers - As mentioned previously, the normalization of lipid biomarker 
concentrations to %TOC is one method of minimizing the effects of diagenesis.
However, if a compound degrades at a rate faster than TOC as a whole, it will produce a 
decreasing down-core profile even if input rates have remained constant over time. 
Another way to examine the possibility of diagenetic alteration of the lipid biomarker 
record is to compare the down-core record of lipid compound classes of different 
reactivities. In general, fatty acids are more reactive than sterols and increase in 
reactivity with increasing numbers of double-bonds (Canuel and Martens, 1996; Haddad 
et al., 1991; Lee et al., 1977; Sun and Wakeham, 1994; Sun et al., 1997). In each core, 
the relative amounts of saturated and polyunsaturated FA as well as the ratio of total FA
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to total sterols remains fairly constant below a diagenetically reactive zone in the upper 
10 cm of sediment (Figure 6). The down-core increases in the FArsterol ratio in some 
sections of the cores are, in fact, the opposite of an expected diagenetic trend and the 
polyunsaturated FA make up a relatively constant portion of the total FA throughout most 
the sediment record. There does seem to be a shift in the relative amounts of fatty acid 
groups in the RR core which occurs around 1915, however, this may have resulted from 
an increase in autochthonous relative to terrestrial inputs at this time and not an indication 
of a sudden change in diagenetic conditions. Most notably, these diagenetic indicators 
remain at constant relative values since 1915.
If the biomarker compound profiles are completely due to degradation, we should 
be able to model this degradation rate using the single-G model. Rearranging equation 1, 
the slope of a plot of the natural logarithm of a compound concentration against time is 
the apparent decay rate parameter k. As an example, the concentration of dinosterol in 
the RD core is shown plotted against time in Figure 7. The slope of the t versus ln[ng 
dinosterol g'1 sed.l and t versus ln[ng dinosterol cm'2 y ‘] profiles are significantly 
different (p < 0.05 for both) for t = 0-120 years compared to t > 120 y indicating that the 
profiles cannot be attributed to steady-state decay which would have a single slope. In 
fact, similar plots of all the autochthonously-derived FA and sterols compounds in each 
core display a similar change in slope (or apparent k) at ages of between 90 and 120 
years.
This analysis suggests that the system is not at steady-state, and more specifically, 
either an increase in the diagenetic decay rate or an increased influx of these biomarkers 
compounds has occurred. A number of lines of evidence suggest the latter. First, at least 
one study (Harvey et al., 1986) has observed a decrease in lipid degradation rate with 
increasing TOC, in contrast to the trend observed here. Next, the change in slope of all 
the autochthonous biomarker compounds in each core occurs at t -  90-120 y. This level 
of synchronization would not be expected due to a diagenetic change because, despite the 
fact that the compounds derive from the same source, they are of varying reactivities. 
Thus, the different accumulation rates and depositional environments of each site should 
produce dissimilar decay rates and dissimilar profiles. Further, the apparent degradation
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rate constants k, in the upper portion of each of the profiles were very similar, ranging 
from -0.01 to -0.03 y l, and did not vary consistently by site or compound reactivity. 
Lasdy, published decay rates for FA and sterol compounds in environments with similar 
TOC concentrations and sediment accumulation rates (e.g. 0.15 y 1 for dinosterol and 0.54 
y 1 for cholesterol; McCaffrey, 1990) are very dissimilar to those calculated for the CB 
cores and are such that the majority (>95%) of the decomposition of these compounds 
will occur within the first 20 years of burial. The apparent degradation parameter, k, 
calculated in Figure 7, most likely has little to do with degradation and represents an 
increasing delivery of these autochthonous biomarkers to the sediment.
In summary, only the %TOC and TOC-MAR profiles of the RR site and none of 
the lipid concentration profiles of any site are likely to have been produced by steady- 
state diagenesis alone. Rather, the organic geochemical data indicate an increase in the 
flux of OM to the RD and M3 sites since the early 20th century (that may be related to 
the onset of water-column anoxia) and a change in the quality of OM (not related to a 
change on oxygenation) deposited at all three sites has occurred.
Biomarker Record of Community Composition Change
By examining changes in the ratios of lipid biomarker compounds of different 
sources but similar reactivities, we can assess the relative changes in the predominance of 
various groups of organisms while eliminating the effects that may be due to diagenetic 
decomposition of these compounds. It is not always correct to assume that changes in 
water-column productivity will translate directly to changes in the composition of 
sediment OM. However, in this system spatial and temporal variations in the 
phytoplankton biomass (water column chlorophyll a concentration) and the abundance of 
various algal groups were related to surface sediment composition at seasonal timescales 
(Chapter 2). It is therefore appropriate to infer changes in algal communities through the 
examination of sediment OM composition in this system. Although many studies of 
sediment records have inferred changes in paleo-productivity of various algal groups 
through the analysis of organic geochemical indicators, it is probably more appropriate to
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use the term ‘biomass’ as there is no known relationship between biomarkers and algal 
productivity.
Results presented in Chapter 2 for the analysis of algal monocultures and PCA 
analysis of surface sediment compositions indicated that the sterol 28A5,24(28) (24- 
methylcholesta-5,24(28)-dien-3P*ol) most clearly represents OM input derived from 
diatoms. This compound is particularly enriched in surface sediments during and 
immediately following the spring bloom in CB. The ratio of 30A22 (dinosterol) to 
28A5,24(28), then, can be used as an index for the relative contributions of dinoflagellates 
versus diatoms to sediment OM. In Chapter 2 it was shown that 29A5 (24-ethylcholest-5- 
en-3|3-ol) is probably mainly derived from cyanobacteria in this system. Thus, the 29A5: 
28A5,24(28) ratio is useful as an index for contributions by cyanobacteria relative to 
diatoms. Likewise, the 28A5 (campesterol): 28A5,24(28) ratio and the Ctl!,: Clfcl FA ratio 
can be used as an index for green flagellate (and other non-diatom algae) relative to 
diatom OM contributions as 28A5 and Cll;t FA have been found to be more prevalent in 
these algal groups relative to diatoms (Chapter 2, DeMort et al., 1972; Volkman, 1986; 
Volkman et al., 1989). Although some Cl6:l FA compounds also occur in bacteria 
(Cranwell, 1982), in CB sediments, the majority of CI6:, FA compounds are of the 
16:l(t)7 conformation which are often associated with diatoms (Volkman and Hallegraeff, 
1988; Volkman et al., 1989).
In all three cores, these algal community indices (with some exceptions) tend to 
decrease in the late 1800’s and then increase after 1915, in some cases abruptly (Figure 
8). These trends indicate that delivery of diatom-derived OM increased during the 19th 
century, but since that time, dinoflagellate and cyanobacteria (and to some extent green- 
flagellate) inputs have increased relative to that of diatoms. Increases in the 28A5:
28A5,24(28) ratio after 1950 in all three cores may provide evidence that green flagellate 
biomass has recently increased relative to diatoms but the Cll;l: C,fc, FA indicator for 
green flagellates is not completely consistent with this interpretation. These FA 
biomarkers, however, are not as source specific as other biomarkers. For example, the 
Ct*t<i>r PA has been found to be abundant in certain cyanobacteria (Demott and Muller- 
Navarra, 1997; Piorreck and Pohl, 1984)
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These changes in algal community composition can be explained from an 
ecological standpoint. It has long been known that, due to their nutrient uptake kinetics, 
diatom growth will dominate under conditions of higher nutrient availability (e.g. Eppley 
et al., 1969; Sanders et al., 1987). As nutrient loading to the Bay first began to increase 
in the late 1700’s with increased runoff due to land clearance, diatoms were able to take 
first advantage of this new nitrogen and convert it to biomass. With further increases in 
nutrient loading in the late 19th century due to fertilizer use (see next section), diatoms 
were no longer at a competitive advantage and other algal groups increased in abundance 
relative to diatoms perhaps aided by a greater summertime availability of nutrients. This 
apparent change in community structure, from diatom to small phytoplankton-dominated 
summertime producers, has previously been hypothesized for systems experiencing 
severe eutrophication (Marshall and Lacouture, 1986; Officer and Ryther, 1980; Verity, 
1988). One explanation is that diatoms eventually become limited by silica availability 
with increased nitrogen and phosphorous inputs while these other groups have no 
dependence upon silica (Officer and Ryther, 1980). Supporting this hypothesis, while 
TOC accumulation has increased by roughly 50% from before to after the turn of the 
century, biogenic silica deposition has increased by only 20% at site M3 (Chapter 3). 
Other explanations for this shift include the ability of larger flagellates to escape hypoxia 
(Officer et al., 1984), the tolerance of dinoflagellates for high pH waters (Hinga, 1992) 
and the tolerance of cyanobacteria for low light conditions (Verity, 1988), all of which 
may result from severe eutrophication.
An additional explanation for the observed pattern may be a change of the degree 
to which these groups are deposited to the sediment surface. In non-eutrophic and 
eutrophic systems, diatoms sink out of the upper water column due to their large cell-size 
and silica tests. Their incorporation into the sediment record may be in direct proportion 
to their productivity. In contrast, smaller-celled algae such as microflagellates and 
cyanobacteria may be more likely to be remineralized within the water column in non- 
eutrophic systems (Buesseler, 1998). At the higher productivity levels characteristic of 
eutrophic systems or in anoxic water columns, however, the biomass of these latter 
groups may overwhelm the capacity of the system to recycle them and may, therefore,
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become an increasingly greater portion of the sediment OM relative to diatom-derived 
OM.
It is generally thought that a trophic shift away from ‘classic’ metazoan food webs 
toward microbially-dominated food webs occurs with eutrophication (Verity, 1988). 
Evidence for this shift may be found in the chemical record of these cores. A gradual 
decrease in the ratio of 27A5 (cholesterol), which is derived mainly from zooplankton 
(Killops and Killops, 1993; Volkman, 1986), to 28A5.24(28) from diatoms occurred in 
the RD and M3 cores since the late 18th century. A greater change in this ratio might be 
observed were 27A5 not also present in some phytoplankton groups (Chapter 2;
Volkman, 1986). However, the ratios of 10-methyl branched C14 FA and C(J, t7 branched 
FA (indicators of bacterial inputs) to the sum of and C,, polyunsaturated FA (derived 
from phyto- and zooplankton) do not show a unidirectional change in these cores so we 
do not have evidence for increases in the relative contribution of bacterially-derived OM. 
The ratio of bacterial FA indicators to sterol plankton indicators does, generally, increase 
up-core, but this may be due to the greater reactivity of fatty acids as a whole and cannot 
be taken as evidence of increasing microbial OM inputs relative to eukaryotic algae. The 
markers we do have for microbial contributions to sedimentary OM remain in proportion 
to those for plankton derived OM throughout most of the cores. We have no evidence, 
however, as to whether these contributions represent heterotrophic bacteria that reside in 
the water column or sedimentary bacteria that are incorporated into the sediment record. 
In either case, it is not surprising that their abundance would be in proportion to the 
amount of labile OM (i.e. algal derived OM) available to them at the time.
History of Environmental Change
The emerging picture of environmental change in the mesohaline CB obtained 
through this record of geochemical indices is one of advancing eutrophication beginning 
in the mid to late 1700’s with some degree of episodicity and localization until the early- 
I900’s. After 1915, the rate of environmental change accelerates leading to a major 
increase in the quantity and change in the quality of OM deposited and preserved in 
sediments throughout the region. The temporal progression of environmental change in
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CB is similar to that of Cooper and Brush (1991, 1993) derived from diatom microfossil 
analysis.
The first indication of environmental change appears as a positive shift in both the 
carbon and nitrogen isotopic signatures of sediment OM. This occurs first in the more 
northerly portions of the mid-Bay (at RD and RR) and somewhat later further south at 
M3. The lipid biomarker data indicate that no change in the relative contribution of 
terrestrially-derived OM to these sites has occurred and diagenesis does not generally 
significantly alter the sedimentary stable isotope signature of carbon (Fenton and Ritz, 
1988; McArthur et al., 1992; Meyers, 1994). Thus, the increase in 5l3C through time is 
interpreted as evidence of increasing primary productivity and may be due to water 
column CO, depletion (Fogel et al., 1992; Hodell and Schelske, 1998; Schelske and 
Hodell, 1995) or to increasing relative contributions of phytoplankton-derived OM to the 
sediment. 5l3C (and not the 8t5N) signature in each core is positively correlated to carbon 
normalized abundances of plankton-derived lipid compounds (generally, r = 0.70-0.95; p 
> 0.001). Alternatively, fast-growing diatoms have been shown to be enriched in l3C (Fry 
and Wainright, 1991) and increasing OM contributions from this source (which might be 
expected with increased nutrient loading) may account for the observed carbon isotopic 
trend. Supporting the former interpretation, the 513C-biomarker correlations are often 
stronger for flagellate and cyanobacteria versus diatom biomarkers perhaps indicating 
that carbon is more depleted in the summer when these former groups are dominant 
(Marshall and Alden, 1993). The isotopic signature of CB surface sediments, however, 
displayed no seasonal trends (Chapter 2).
Enrichments in ISN begin concurrently with those for l3C and plankton biomarker 
enrichments but increase continuously in a pattern unlike the profiles of 50C and the 
biomarker concentrations. The 81SN record is more difficult to interpret because of the 
greater number of biogeochemical processes in which nitrogen may participate and be 
fractionated. Higher productivity could cause “N enrichment due to nitrogen depletion 
but this is unlikely during the recent century of increased anthropogenic nitrogen loading 
(discussed in next section). Domestic sewage is a possible source of isotopically enriched 
nitrogen (5-20 %o: Heaton, 1986; Van Dover et al., 1992), however, we found no lipid
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indicators (such as coprostanol: Kanazawa and Teshima, 1978) of sewage-derived OM 
contributions to these sediments. While other nitrogen sources to the Bay such as 
industrial fertilizers and atmospheric fallout are isotopically depleted and cannot account 
for the 5,SN trend, soil nitrates may be ,5N enriched (3-12 %o: Heaton, 1986; Hodell and 
Schelske, 1998) and their release to the estuary could be caused by erosion resulting from 
increases in agriculture and development. However, absolute concentrations of lipid 
biomarkers for terrestrially-derived material are constant throughout each of these cores 
and a constant sediment accumulation rate was observed at the RR site. Instead, a more 
likely explanation was proposed by Eadie et al. (1994) to account for up-core 1SN 
enrichments in Louisiana continental shelf sediment cores. These trends were explained 
by the processes of nitrification and denitrification which remove isotopically light 
nitrogen leaving an enriched pool of NH4* which is preferentially utilized by 
phytoplankton in CB and other estuaries (Mariotti et al., 1984; McCarthy et al., 1975). 
These coupled microbially-mediated processes may be stimulated by high nitrogen 
(Kamp-Nielsen, 1992; Seitzinger, 1990) and carbon (Zimmerman and Benner, 1994) 
loadings. In support of this explanation, the most 15N enriched surficial sediments are 
found in the mid-region of CB (Chapter 2) where sediment TOC concentration are the 
highest (Chapter 2) and where benthic ammonium regeneration rates are both the highest 
and represent the greatest portion of phytopiankton demand (Boynton and Kemp, 1985). 
In a general sense, the increase in SI5N which first occurs in the late 1700’s suggests a 
shift toward enhanced benthic recycling stimulated by increased nutrient loading and 
resultant primary productivity in the mesohaline CB.
There is no evidence for the occurrence of prolonged low oxygen conditions (i.e. 
elevated AVS/CRS in sediments) in the mesohaline portion of CB in the three centuries 
prior to 1790. Evidence for the occurrence of anoxia/hypoxia, as indicated by an increase 
in the AVS/CRS ratio, Erst appears in samples dated as 1790 at the RD site and 1915 at 
the M3 site. Therefore, anoxia progressed from north to south in the mesohaline Bay or 
from deeper to shallower (27 to 15 m depth) sections of the mid-Bay, but not to depths of 
8 m (at the RR site). The first observations of anoxia in CB were recorded for a site close 
to M3 in 1937 (Newcombe and Home, 1938) but rarely occur in shallow water depths (<8
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m) even today (Chapter 2; Officer et al., 1984) supporting these geochemical 
interpretations. Major increase in the rate of organic carbon accumulation occurs 
between 1880 and 1915, somewhat after anoxia at RD, and somewhat before the change 
in oxygen level at M3. The increase in OM accumulation cannot, therefore, be ascribed 
solely to a preservation effect related to anoxia, but rather, may signal that the capacity of 
the system to remineralize OM in the water column was surpassed at this time in the 
mesohaline CB. The rapid increase in the C:N, ratio of OM deposited during this period 
suggests that nitrifiers and denitrifiers in the sediment were able to keep pace with, or 
were even stimulated by this rapid influx of OM. At the same time Gate 1800’s and early 
1900’s) major shifts in the plankton community composition occur and this too is a 
possible cause of the positive C:N, shift. An up-core increase in the C:N( ratio at RR also 
occurs, although why this change is smaller and somewhat later than at the RD and M3 
sites is unclear. An increase in the %TOC and TOC-MAR also occurs at site RR in the 
19th century. We cannot definitely attribute this to an increase in OM flux to the 
sediment, however, because this profile might have been produced by diagenesis alone. 
However, because the increase occurs at nearly the same time as that of the RD and M3 
cores (1790) though very different depositional conditions exist at RR, it is likely that an 
increased influx of OM occurred at this site too.
After 1915, the system entered a new regime that might be described as "advanced 
eutrophication’. The amount of OM deposited at these sites continues to increase (as 
shown by TOC-MAR and TN-MAR profile; Figure 3) though major apparent increases in 
the upper-most portions of the cores (deposited 1980-present) match the degradation- 
modeled curves and so may be due to diagenesis alone. The composition of this OM 
continues to become increasingly enriched in plankton and bacterially-derived 
components at all three sites. Total OM deposition may not have increased by the 
amount that would seem to be indicated by stable isotope trends because of a shift toward 
a greater degree of recycling and/or a relative community shift toward one dominated by 
small plankton and bacteria with lower preservation potentials.
The periods for which there is evidence of increases in productivity (i.e. 
eutrophication; late 1700’s and late 1800’s to early 1900’s) were periods of above 
average freshwater input to the Bay as indicated by actual precipitation and stream
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discharge records, lower bay-water salinities as reconstructed by microfossils (Cronin et 
al., 2000) and tree-ring chronologies (Cook and Jacoby, 1983; Stahle et al., 1998). It is 
likely that the onset of eutrophication and anoxia was stimulated by wet periods that 
carried new nutrients into the Bay and increased stratification. During the later 20th 
century, even years of average runoff may carry enough nutrients to stimulate higher 
levels of productivity. This study, however, does not have the sampling resolution 
necessary to examine annual or even decadal variations in productivity with any degree of 
confidence.
Implications and Paleoproductivitv
An index of organic source contribution to the sediment was calculated using 
carbon-normalized biomarker compound concentrations for each OM source (Figure 9a). 
Compound concentrations were normalized to their average pre-1790 concentration in 
each core so that each biomarker received an equal weighting in the final index. With the 
exception of cholesterol, all the sterols listed in Table 3 were used for the algal source 
index. Total hopanols and the two branched FA were used for the bacterial and the even- 
numbered long-chain FA and alcohols were used for the terrestrial OM source index.
From this figure it is evident that algal and bacterial enrichments have occurred 
synchronously in the three cores beginning about 1790. From 1790 to 1915 we see a 1.5- 
to 2-fold enrichment (in the RD and M3 cores) in algal and bacterial sources of OM in the 
sediments. After 1915, enrichments in these sources increase 3 - to 9-fold. Some of the 
high enrichments in the sediments of the last ten years are probably over-estimated as 
they are still in a diagenetically active zone of the sediment. There is no apparent change 
in the relative contribution of terrestrially derived OM over the past three centuries.
The observed changes in the quantity and quality of OM stored in CB sediments 
correspond to periods of anthropogenic alteration of the watershed. Human population 
and clearance of land have increased since the beginning of the 19th century most likely 
leading to increased nutrient influx and freshwater runoff, respectively. The more recent 
period of eutrophication corresponds very closely to the history of fertilizer use in the CB 
watershed, and by implication, nutrient influx to the Bay (Figure 9b). With the Guano 
Island Act of 1856 and the discovery and development of phosphate mines in South
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Carolina in 1867, the 1870’s saw the first intensive use of these organic fertilizers in 
Eastern Virginia and Maryland (Wines, 1985). Between 1860 and 1880, the number of 
factories processing these so called ’superphosphates’ nearly quadrupled and Baltimore, 
MD was the center of this industry (Wines, 1985). With the technological development 
of the ability to manufacture synthetic fertilizers in 1913, inexpensive fertilizers became 
available and increasingly utilized after World War H (Nixon, 1995). The history of 
fertilizer use in the U.S. (Figure 9b) mirrors that of the CB watershed in gross tonnage 
and in terms of nitrogen added (USDA, 2000). Previous studies have estimated that 
historical nitrogen loading from all sources including runoff and atmospheric deposition 
since European settlement has increased 3- to 8-fold to CB (Boynton et al., 1995; 
Jaworski et al., 1997) and other eastern U.S. estuaries (Jaworski et al., 1997; Nixon, 
1997).
It has been estimated by mesocosm enrichment studies and inter-estuary 
comparisons that the aforementioned change in nutrient loading would lead roughly to a 
doubling in the rate of primary productivity for the Bay as a whole (Nixon, 1997). By 
analyzing measurements of chlorophyll a concentration taken over the past fifty years in 
CB and removing the effects of freshwater flow, Harding and Perry (1997) estimated that 
phytoplankton biomass has increased by a factor of about 2 to 2.5 in the mesohaline 
region of the Bay.
An estimate of the magnitude of change in OM delivery to the sediment during 
the time period represented by these cores may be made by correcting TOC 
concentrations and mass fluxes for the degradative loss of carbon that can be estimated to 
have occurred. One can estimate the amount of carbon lost to degradation for any sample 
deposited ‘t’ years ago (C^.,) as:
where CD is the TOC concentration at the sediment surface and k is estimated for each 
individual sample using the k -  0.16 ^"relationship derived by Middelburg (1989). The 
degradation-corrected TOC concentration (CeaM) for any sample of TOC concentration 
(Ct) is calculated as:
(3)
(4)
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The degradation-corrected records of %TOC and TOC flux (C^., x sediment MAR for 
each depth interval) for the three cores are shown in Figure 10. While the degradation- 
corrected profiles of %TOC displays a mid-20th century maximum, the degradation- 
corrected TOC-MAR profile indicates continuously increases fluxes of TOC to the RD 
and M3 sites since the early 19th century. Using this approach, it can be estimated that a 
1.3 to 2.5-fold increase in the delivery of organic carbon at the RD and M3 sites occurred 
since that time. No increase is observed for the RR site, in line with previous 
observations that the carbon profiles at this site may be controlled by steady-state 
diagenesis. The increase in storage of autochthonousiy-derived OM in the mesohaline 
CB estimated by this approach is similar to the above estimates of the increase in algal 
productivity and biomass of Nixon (1997) and Harding and Perry (1997).
Similarly, the lipid biomarker data can be used to estimate changes in OM 
delivery to the sediment from various sources over time. Concentrations (ng g'1) of the 
various biomarker compounds are used for the parameter ‘C’ in equations 3 and 4.
Because these lipid compounds are completely metabolizable, however (unless 
mineralogically protected), it may be a better approximation to assume a single 
degradation rate constant rather than the time-dependent degradation parameter used for 
%TOC. For the apparent degradation rate constant, k, a range of values are used from the 
literature for sites of similar TOC content, accumulation rate and calculated over similar 
time-scales to make a high and low estimate of the amount of each compound lost to 
degradation. For sterols, k = 0.2 and 0.5 y‘‘ were used (from Canuel, 1992 and McCaffrey, 
1990 calculated for sediments from two coastal sites: Cape Lookout Bight, NC and the 
Peru Upwelling region, respectively). For FA, k = 0.5 and 1.0 y'1 were used (from 
Haddad et al., 1991 calculated for Cape Lookout Bight, NC sediments). Again, the 
degradation-corrected flux of a compound is calculated as the product of C ^ , and 
sediment MAR for each depth interval. Inherent in this model is the assumption that C0= 
C of equation 1. That is, each lipid compound is completely metabolizable.“T)
An example of the typical results of these calculations for the compounds 
28A5,24(28) (diatoms) and branched C ^  FA (bacteria) at the RD site (Figure 1 la  and 
1 lb, respectively) demonstrates that the model is fairly insensitive to the choice of k at
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
165
these time-scales. Assuming that no change in the degradation rate has occurred, there 
has been about a 3- to 4-fold increase in the delivery of both 28A5,24(28) and branched 
CtJ.l7 FA to the sediment at the RD site since 1790. This estimate can be extended to 
diatom and bacteria biomass trends, respectively, with the further assumptions that the 
average concentration of these biomarkers in diatoms and bacteria has remained constant 
over time and no change in the extent of remineralization within the water column prior 
to deposition has occurred. While these assumptions cannot be tested at present, these 
calculations serve as a provisional estimate of the trends in paleoproductivity for the 
mesohaline CB.
Finally, a normalized index of OM source delivery can be assembled in a manner 
similar to the OM source enrichment factor of Figure 9 using the degradation-corrected 
biomarker fluxes (ng cm'2 y ‘) for each core. These calculations lead us to hindcast the 
increased delivery of algal and bacterially-derived OM to CB sediments since the mid- 
18th century to be on the order of 1.5 to 5-fold with the mean figure closer to 2.5-fold for 
the three cores (Figure 12). Given the current annual average primary productivity in CB 
of 350 g C m'2 y'1 (Baird and Ulanowicz, 1989), the pre-eutrophication productivity may 
have been about 140 g C m'2 y 1. The 2.5-fold estimated increase is similar that of others 
Nixon, 1997 based on nutrient runoff increases and that estimated based on TOC fluxes 
(see above). However, a higher figure would be calculated if autotrophic bacterial 
(cyanobacteria) production, which also may have increased 2.5-fold (Figure 12), were 
included. In addition, there is evidence that there has been a shift in phytoplankton 
composition toward groups of smaller cell-size that may have resulted in a greater degree 
of water-column remineralization. If, on the other hand, anoxic/hypoxic conditions have 
led to a decrease in the extent of water-column remineralization, this figure may be an 
overestimate.
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The earliest evidence of eutrophication occurs in sediments deposited in the late 
1700’s and is indicated by enhanced fluxes of TOC and TN and enriched carbon and 
nitrogen stable isotopic signatures. Between 1790 and 1915, episodic and somewhat 
localized enrichments in autochthonously-derived biomarker concentrations in sediment 
OM (particularly that of diatoms) indicate enhanced primary production and a change in 
the quality and source of OM deposited during this period. Relative to pre-1790 
sediment, the OM deposited during this period is 1.5-2 times enriched in OM derived 
from algal and bacterially-derived sources relative to TOC. When degradation is 
accounted for, the delivery of these OM sources is estimated to have increased by factors 
of 1.5 to 4. The first evidence of bottom-water anoxia/hypoxia (a change in sulfur 
speciation) was found at the northern deep-water site (RD: at 26.5 m depth) in the 1790 
sediment horizon.
The next phase of eutrophication, beginning about 1915, is signaled by maximal 
TOC fluxes to the sediment and enriched stable isotope signatures, the movement of 
anoxia/hypoxia higher in the water-column (15 m depth at site M3) and further 
enrichments of OM derived from autochthonous sources (3- to 7-fold for both 
phytoplankton and bacteria). Both qualitative and quantitative evidence indicates that, 
while the apparent increase in TOC concentration at the RR site in the mid-20th century 
may be caused by degradation alone, that of the RD and M3 sites is probably related to an 
increase in OM deposition. The increased concentrations of algal and bacterial lipid 
biomarker concentrations in sediments deposited since 1790 at all three sites are most 
likely not caused by diagenesis but are due to an increase in the flux of OM from these 
sources to the sediment. Lipid biomarker ratios also indicate that an increase in 
dinoflagellate and cyanobacteria and a decrease in zooplankton relative to diatom OM 
inputs occurred in the late 19th and early 20th century. Evidence for an increase in the 
delivery of other small-celled algae (such as green flagellates) relative to diatoms is 
equivocal.
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These data indicate that algal and bacterial productivity has increased by about 
100%, or slightly more, relative to pre-1790 levels. The large-scale temporal progression 
of eutrophication that is clearly present in all three of these well-preserved cores collected 
from the mesohaline region of CB mirrors the history of increasing fertilizer use and 
possibly other anthropogenic alterations in the CB watershed related to population and 
industrial growth and resource utilization (Figure 13). The exact timing of the onset of 
eutrophication and anoxia, however, may be dictated by the occurrence of 
climatologically-related periods of increased freshwater inflow. This multi-proxy 
approach, which combines more commonly used stable isotopic information with organic 
biomarker analysis, has enabled a more detailed and confident analysis of the 
environmental changes which have taken place in this system.












Table 1. Summary of sedment Chesapeake Bay core locations and dating information.
RDcore M3 core RRcore
Core Location
Latitude (°N) 38° 53.2 38° 43.1 38° 52.7
Longitude (°W) 76° 23 5 76° 26.8 76° 26 7
Collection Date Nov. 1998 w/ U.S.G.S Mar. 1996 R/V Bay Eagle Jun. 1998 wf U.S.G.S
Water depth (m) 26.5 15.0 7.9
Dating Infomation
Depth of anthro. Pb peak (1975) (cm) 57 51.0 9
An thro. Pb first appearance (1910) (cm) 182.5 101 23
Depth of ,37Ce penetration (1954) (cm) 92.5 6 18
Ragweed/Dak pollen increase (1850) (cm) 230 141 >23
Depth of a,0Pb penetration (cm) 147 101 25
Dating Model Depth Interval (cm): 0-75 75-200 200-450 0-50 50-150 >150 0-100
mean linear accumulation rate (cm yr'') 4.16 2.08 0.80 1.94 0.92 0.44 0 3
mean mass accumulation rate (g cm '* yr'1) 1.21 0.78 0 40 0.47 0.36 0.24 0 14
(a,0Pb-derived)
Sampling interval (cm) 2 5 10 2 2 2 2
Temporal resolution for sample (yr) 0.2 1.9 12.0 1.1 3 5 6.5 6 5
169
Table 2  Bulk geochemical indicators in sediments of three Chesapeake Bay cores.
RD Core
Midpt. Sed. Date TOC TN AVS' CRS2 8*0* 8'SN
depth MAR
(cm) (gem y') (y) (%) (%) (pmol g'') (*•) (%-)
1.0 1.21 1998.7 2.95 0.40 61.8 171.4 -20.95 8.42
3.0 1.21 1998.3 3.07 0.39
5.0 1.21 1997.8 2.97 0.39
7.0 1.21 1997.3 2.82 0.36
9.0 1.21 1996.8 2.75 0.34
11.0 1.21 1996.3 2.85 0.37 98.3 215.1 -20.10 8.49
13.0 1.21 1995.8 2.65 0.33
17.0 1.21 1995.0 293 0.37
19.0 1.21 1994.6 2.83 0.36
21.0 1.21 1994.2 2.91 0.37 38.4 297.4 -20.98 8.28
23.0 1.21 1993.7 2.73 0.34
27.0 1.21 1992.8 3.14 0.40
31.0 1.21 1991.9 2.84 0.35 59.9 359.5
33.0 1.21 1991.4 2.50 0.29
370 1.21 1990.3 2.66 0.32
41.0 1.21 1989.3 2.82 0.32 80.2 180.6 -21.13 8.98
51.0 1.21 1986.7 2.80 0.30 109.9 276.4
62.5 1.21 1983.7 2.74 0.33 140.3 322.4 -21.35 9.44
92.5 0.87 1965.3 2.56 0.28 61.3 281.1 -21.51 8.58
112.5 0.77 1951.7 3.09 0.30 -22.32 8.28
132.5 0.70 1937.1 3.10 0.26 74.5 286.1 -22.49 7.69
152.5 0.65 1920.5 3.69 0.27 96.9 284.6 -22.89 7.58
167.5 0.61 1906.9 3.65 0.27 -22.85 7.73
172.5 0.60 1901.9 3.34 0.26 87.8 168.7
192.5 0.56 1879.4 2.37 0.25 42.4 335.1 -22.75 7.80
212.5 0.52 1854.1 2.26 0.25 82.5 208.0 -2256 7.49
232.5 0.49 1827.6 1.98 0.26 90.9 220.7 -21.81 7.27
252.5 0.48 1797.6 1.76 0.24 81.7 193.3 -2242 7.33
257.5 0.46 1789.8 1.69 0.23 102.2 235.1
272.5 0.44 1764.6 1.81 0.24 12.1 377.8 -21.64 6.80
277.5 0.43 1755.5 1.79 0.24 4.4 404.8
287.5 0.42 1736.1 1.56 0.20 -21.67 6.34
297.5 0.41 1715.2 1.66 0.21 1.8 346.4 -2265 5.47
310.0 0.39 1679.5 1.75 0.22 -2263 5.62
340.0 0.37 1608.8 1.55 0.19 1.6 352.9
390.0 0.33 1486.6 1.64 0.21 -2233 5.46
450.0 0.30 1314.8 1.52 0.18 1.3 291.8 -22.41 5.22
1. Acid volatile sulfur (=FeS)
2. Chromium reducible sulfur (=FeS2+ S°).
3. Corrected for the Suess effect (see text).
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Table 2b. Bulk geochemical indicators in sediments of three Chesapeake Bay cores.
M3 Core
Midpt. Sed. Date TOC TN AVS1 CRS2 S '3C? 5’*N
depth MAR
(cm) (gem 2/ 1) (y) (%) (%) (nmol g 1) (*•) (%.)
0.3 0.47 1996.1 3.46 0.47 15.9 250.3
0.8 0.47 1995.9 3.65 0.53 23.8 2 424 •20.40 6.48
1.8 0.47 1995.5 3.41 0.45 41.2 212.9
2.3 0.47 1995.2 3.41 0.46 52.7 228.8
2.8 0.47 1995.0 3.38 0.45 39.7 233.3 -20.23 7.68
3.3 0.47 1994.8 3.28 0.45 40.7 243.3
3.8 0.47 1994.6 3.27 0.46 73.4 240.7
4.3 0.47 1994.3 3.34 0.46 65.5 259.8
4.8 0.47 1994.0 3.28 0.45 620 266.8
6.0 0.47 1993.4 3.14 0.42 328 318.5 -20.47 7.59
11.0 0.47 1990.9 2.72 0.35 39.3 264.5
16.0 0.47 1988.5 2.69 0.34 66.1 304.4
21.0 0.47 1985.8 2.91 0.36 37.0 284.0 -20.54 7.22
26.0 0.47 1983.2 2.85 0.38 43.5 369.1
6.0 0.47 1993.3 3.06 0.41 38.7 279.7
11.0 0.47 1990.8 281 0.38 49.1 300.6
16.0 0.47 1988.4 273 0.35 58.3 339.9 -20.62 7.09
21.0 0.47 1985.7 2.63 0.33 37.0 90.3 -20.57 6.64
26.0 0.47 1983.1 293 0.36 50.9 84.0
41.0 0.47 1975.3 2 64 0.33 29.3 125.0 •20.64 6.46
51.0 0.45 1967.3 2.77 0.32 17.2 126.2 -20.83 8.17
63.3 0.41 1954.4 2.47 0.27 15.3 139.9 -21.30 6.68
71.0 0.39 1943.0 250 0.27 10.0 117.7 -21.19 7.71
76.0 0.38 1936.3 260 0.27 14.6 110.4 -21.62 6.53
81.0 0.36 1929.5 258 0.26 14.4 125.7 -21.66 6.52
86.0 0.36 1922.4 249 0.25 6.4 133.3 -21.78 7.20
91.0 0.35 1915.0 251 0.24 11.2 1423 -21.96 6.76
101.0 0.33 1897.9 1.90 0.22 6.0 408.3 -21.96 6.39
111.0 0.32 1879.6 1.74 0.22 -21.92 6.02
121.0 0.31 1860.6 1.71 0.21 4.4 427.4 -2206 5.97
131.0 0.30 1840.6 1.74 0.22 3.5 368.8 •21.98 6.22
151.0 0.28 1796.6 1.63 0.21 3.3 327.6 -2211 4.84
171.0 0.26 1742.7 1.52 0.19 1.6 328.7 -22.03 5.26
191.0 0.25 1686.2 1.54 0.20 1.2 3021 -21.52 5.40
201.0 0.24 1655.2 -2235 5.24
211.0 0.24 1623.3 1.60 0.19 1.8 323.8 -21.29 5.64
241.0 0.22 1516.1 1.48 0.18 •2228 5.37
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Table 2c. Bulk geochemical indicators in sediments of three Chesapeake Bay cores.
RR Core
Midpt. Sed. □ate TOC TN AVS' CRS2 S^C3 5,SN
depth MAR
(cm) (gcm 'V ) (y) (%) (%) (nmol g') (%•) (*.)
1.0 0.14 1995.1 2.42 0.30 3.0 267.7 -21.36 8.82
3.0 0.14 1988.0 241 0.27 4.6 250.2 -21.29 8.62
5.0 0.14 1980.7 2.28 0.26 9.0 374.7 -21.97 8.42
7.0 0.14 1973.4 234 0.26 12.2 405.4 -22.03 8.20
9.0 0.14 1966.0 1.92 0.21 9.2 390.7 -22.37 7.83
11.0 0.14 1958.6 1.90 0.22 11.6 375.2 -22.43 7.47
13.0 0.14 1951.3 1.79 0.21 7.9 498.3 -22.45 7.14
15.0 0.14 1944.0 1.69 0.20 7.7 387.8 •22.32 7.22
17.0 0.14 1936.8 1.62 0.19 6.2 463.5 -22.60 6.08
19.0 0.14 1929.9 1.69 0.20 4.3 369.1 -22.27 5.61
21.0 0.14 1923.3 1.73 0.20 3.3 441.6 -22.66 5.38
23.0 0.14 1917.0 1.71 0.20 2.8 398.0 -22.74 5.09
25.0 0.14 1910.9 1.68 0.20 •21.98 4.97
27.0 0.14 1904.9 1.69 0.20 -22.01 4.83
29.0 0.14 1898.9 1.61 0.19 -21.32 7.25
31.0 0.14 1892.9 1.75 0.21 -22.83 4.86
33.0 0.14 1887.1 1.74 0.21
35.0 0.14 1881.4 1.75 0.21
37.0 0.14 1875.6 1.72 0.21 -23.02 4.86
39.0 0.14 1869.9 1.73 0.21
41.0 0.14 1864.1 1.72 0.21 1.1 348.8
43.0 0.14 1858.3 1.69 0.21 -23.09 4.82
45.0 0.14 1852.3 1.66 0.21
47.0 0.14 1846.1 1.64 0.20
49.0 0.14 1839.7 1.55 0.19 -22.17 4.99
52.5 0.14 1828.2 1.61 0.19
57.5 0.14 1811.5 1.58 0.20 •22.33 5.03
62.5 0.14 1794.6 1.49 0.18 0.9 379.1 -23.02 6.22
67.5 0.14 1777.1 1.49 0.18
72.5 0.14 1759.5 1.56 0.19
77.5 0.14 1742.3 1.58 1.95 -22.50 5.22
82.5 0.14 1725.0 1.61 0.19
87.5 0.14 1708.2 1.60 0.19
92.5 0.14 1691.2 1.36 0.16 •22.38 5.47
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Figure I. Map of Northern Chesapeake Bay showing locations of core collection.
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Figure 2. Down-core record of a. total organic carbon accumulation (weight %), b. molar 
carbon to nitrogen ratio and c. ratio of acid volatile sulfur to chromium reducible sulfur 
(AVS/CRS) in three Chesapeake Bay cores. Core depths corresponding to sediment ages 
are listed in Table I. Horizontal gray bars at the year L790 and 1915 indicate horizons at 
which major geochemical changes occur. The dashed lines plotted in 2a. are modeled 
diagenetic profiles of TOC (%) using a time-dependent degradation rate parameter (see 
discussion section).
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Figure 3. Down-core record of calculated mass flux (mg cmz y'1) of total a. organic 
carbon (closed circles) and b. total nitrogen in three CB cores. The solid lines plotted in 
2a. are modeled diagenetic profiles of TOC-MAR using a time-dependent degradation 
rate parameter (see discussion section).
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a. TOC flux  ^ b. TN flux
(mg cm'2/ 1) (mg cm'2 / 1)
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Figure 4. Down-core record of a. stable carbon and b. stable nitrogen isotopic ratio of 
organic matter in three CB core sediments. 8l3C signatures are corrected for the Suess- 
effect (see Methods section). Horizontal gray bars are placed in the same position as those 
in Figure 2.
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Figure 5. Down-core profiles of TOC normalized lipid biomarker compound 
concentrations (ng mg'1 TOC) for biomarkers indicative of algal, plankton, bacterial and 
terrestrial OM sources (columns) from three CB cores (rows). The upper scale of each 
graph applies to the four compounds listed at the top of the figure and the lower scale for 
the four compounds listed at the bottom of the figure. Horizontal gray bars are placed in 
the same position as those in Figure 2.
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Figure 6. Down-core profiles of the diagenetic indicators, total FA:total sterols ratio 
(lower axes) and percent total saturated and polyunsaturated FA (upper axes). FA are 
generally more reactive than sterols and polyunsaturated FA are generally more reactive 
than saturated FA.
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Figure 7. Plot of the natural logarithm of dinosterol concentration (ng g'1 dry sediment; 
top scale) and mass flux (ng cm 2 y'1; bottom scale) in the RD core against time in years. 
The lines shown are a least square linear regression fit of the data excluding the four 
oldest samples.
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Figure 8. Down-core profiles of C,6:C„ monounsaturated FA ratio (open circles), and the 
ratio of 30A22 (dinoflagellate OM source: closed squares), 29A5 (cyanobacteria OM 
source: open triangles), 28A5 (non-diatom algal OM source: open squares) and 27A5 
(zooplankton OM source: closed circles) to 28A5,24(28) (diatom OM source).
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Figure 9. a. Down-core enrichment factors of OM derived from phytoplankton (closed 
circles), bacterial (open circles) and terrestrial (filled squares) sources in three CB cores. 
Enrichment factors are means of all biomarker compound concentrations (equally 
weighted) mentioned in text for each OM source and normalized to lower core (pre-1850) 
average. These plots were smoothed by a 3-point moving average, b. Historical U.S. 
fertilizer consumption (x 1061 yr ‘)(USBC, 1975; USDA, 2000)
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Figure 10. Down-core profile of degradation-corrected TOC mass flux (mg cm : y 
closed circle, upper scale) and degradation-corrected TOC% (open squares, lower scale) 
in three CB cores. Horizontal gray bars are placed in the same position as those in Figure 
2.
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Figure 11. Estimated flux of a. 28 A5,24(28), a diatom-derived sterol and b. the bacteria- 
derived FA, 10-methyl Cl4 to the sediment through time (ng cm'2 y l) at the RD site using 
high (closed squares) and low (open circles) literature values of the degradation rate 
constant, k. The modeling approach is described in text.
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Figure 12. a. Reconstructed flux of OM derived from phytoplankton (closed circles) and 
bacterial (open circles) sources in three CB cores. Delivery factors are means of all 
biomarker compounds concentrations (equally weighted) mentioned in text for each OM 
source and normalized to lower core (pre-1850) average. These plots were smoothed by a 
3-point moving average, b. Historical U.S. fertilizer consumption (x 1041 y')(USBC, 
1975; USDA, 2000).
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Figure 13. Chesapeake Bay watershed history. U.S. fertilizer consumption (x 1041 y'1; 
solid line), State of Maryland fertilizer consumption (x 150001 y 1; open circles), State of 
Maryland human population (x 105; open triangles), Poultry production (x 10* lbs y 
closed triangles). Oysters harvested (x 107 lbs y ‘; closed circles).
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Appendix la. - Pb-210 Activity Data
Depth Supported Total Excess Estimated Depth Supported Total Excess Estimated
Interval Pb-210 Activity Pb-210 Counting Interval Pb-210 Activity Pb-210 Counting
Activity Error Activity Error
(cm) (dpm g ') (dpm g ') (dpm g ') (dpm g'T) (cm) (dpm g ') (dpm g ) (dpm g ) (dpm g'1)
Site RD • Kasten Con Site M3 - Box Core
0-2 1.30 7.39 6.10 0.29 0-2 1.02 7.26 6.25 0.30
2-4 1.30 7.19 5.89 028 5-7 1.02 7.33 6.32 0.33
4-6 1.30 6.32 5.03 025 10-12 1.02 6.65 5.64 0.27
6-6 1.30 6.30 5.01 0.25 I5*t7 1.02 5.92 4.91 0.23
8-10 1.30 6.22 4.92 0.25 20-22 1.02 5.88 4.87 0.30
10-12 t.30 5.24 4.94 0.24 25-27 1.02 5.98 4.97 0.25
12-14 1.30 5.09 3.79 0.21
14-16 1.30 4.96 3.66 0.21 Site M3 - Kasten Core
16-18 1.30 5.79 4.49 023
18-20 1.30 5.27 3.97 0.22 0-2 1.02 7.39 6.38 0.30
20-22 1.30 6.19 4.89 0.24 5-7 1.02 6.99 5.98 0.30
22-24 1.30 S.48 4.19 0.22 10-12 1.02 6.65 5.64 0.27
24-26 1.30 5.22 3.92 0.20 15-17 1.02 6.39 5.38 0.26
26-28 1.30 4.31 3.02 0.21 20-22 1.02 5.65 4.64 0.24
28-30 1.30 4.80 3.50 0.19 25-27 1.02 6.59 5.58 0.27
30-32 1.30 4.23 294 022 30-32 1.02 5.92 4.91 0.25
32-34 1.30 5.27 3.97 0.22 35-37 1.02 5.86 4.85 0.27
34-36 1.30 5.43 4.13 0.23 40-42 1.02 5.36 4.35 0.22
36-38 1.30 5.46 4.17 0.23 45-47 1.02 4.80 3.79 0.18
38-40 1.30 4.96 3.66 0.21 50-52 1.02 4.58 3.57 0.17
40-42 1.30 5.64 4.35 0.24 55-57 1.02 3.51 2.49 0.15
42-44 1.30 4.63 3.33 0.20 60-62 1.02 3.29 228 0.15
44-46 1.30 5.58 4.28 024 70-72 1.02 3.01 200 0.14
46-48 1.30 5.09 3.79 0.21 75-77 1.02 2.62 1.61 0.12
48-50 1.30 5.38 4.08 023 80-82 1.02 2.42 1.41 0.12
50-62 1.30 4.21 291 0.20 85-87 1.02 1.56 0.55 0.09
52-54 1.30 4.90 3.61 0.24 90-92 1.02 1.74 0.72 0.10
54-56 1.30 4.78 3.49 0.22 100-102 1.02 1.20 0.18 0.08
56-58 1.30 4.48 3.18 0.20 110-112 1.02 0.98 •0.04 0.06
58-60 1.30 5.73 4.43 0.23 120-122 1.02 1.03 0.01 0.07
60-65 1.30 4.95 3.65 0.21 130-132 1.02 1.05 0.03 0.07
65-70 1.30 4.38 3.08 020 140-142 1.02 1.00 •0.02 0.07
75-80 1.30 4.20 291 0.19 150-152 1.02 0.86 -0.16 0.07
90-95 1.30 3.93 264 0.19
100-105 1.30 3.10 1.81 0.16
100-101 1.30 3.34 204 0.16
110-115 1.30 3.68 238 0.18
115-120 1.30 3.48 218 0.17
125-130 1.30 287 1.58 0.15
140-145 1.30 3.47 218 0.17
145-150 1.30 281 1.51 0.15
155-160 1.30 238 1.08 0.14
165-170 1.30 226 0.96 0.14
175-180 1.30 227 0.98 0.13
195-200 1.30 201 0.71 0.11
280-285 1.30 1.32 0.02 0.09
290-295 1.30 1.28 •0.02 0.09
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Appendix la. (continued) • Pb-210 Activity Data
Depth Supported Total Excess Estimated
Interval Pb-210 Activity Pb-210 Counting
Activity Error
(cm) (dpm g'') (dpm g) (dpm g ') (dpm g ')
SiteRR- Kasten Cor
0-2 1.00 4.37 3.33 0.19
2-4 1.00 4.06 3.02 0.18
4-6 1.00 3.62 2.57 0.16
6-8 1.00 3.37 2.32 0.16
8-10 1.00 2.78 1.73 0.14
10-12 1.00 2.41 1.36 0.13
12-14 1.00 2.08 1.03 0.11
14-16 1.00 1.69 0.64 0.10
16-13 1.00 1.39 0.34 0.08
13-20 1.00 1.38 0.33 0.09
20-22 1.00 1.22 0.17 0.09
22-24 1.00 1.15 0.10 0.08
24-26 1.00 1.13 0.08 0.07
26-23 1.00 1.05 0.00 0.07
28-30 1.00 1.06 0.01 0.08
30-32 1.00 1.07 0.02 0.07
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ys -0.01117x + 0.706 
r2 s  0.885 
1.205 g cm'-ay 1
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y= -0.0284x + 0.856 
r2 = 0.949 
0.4737 g cm '2 y 1
30
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y=-0.0979x + 0.636 
r2 = 0.950 
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Appendix I la. • Cs-137 Data
Depth Total Estimated Depth Total Estimated Depth Total Estimated
Interval Activity Counting Interval Activity Counting Interval Activity Counting
Error Error Error
(cm) (dpm g'1) (dpm g ') (cm) (dpm g ') (dpm g ') (cm) (dpm g ') (dpm g'1)
Site RD - Kasten Core Site M3 • Kasten Core SiteRR- Kasten Core
18-20 0.57 0.03 25-27 0.24 0.05 0-2 0.48 0.02
28-30 0.65 0.03 30-32 0.33 0.05 2-4 0.56 0.02
34-36 1.03 0.04 40-42 0.14 0.05 4-6 0.44 0.02
38-40 0.92 0.04 50-52 0.94 0.09 6-8 0.47 0.02
46-48 1.15 0.03 55-57 0.92 0.08 8-10 0.27 0.02
52-54 1.41 0.04 60-62 0.93 0.07 10-12 0.33 0.02
58-60 1.63 0.04 70-72 0.04 0.02 12-14 0.21 0.01
60-65 1.39 0.04 75-77 0.00 0.03 14-16 0.11 0.01
70-75 1.63 0.04 80-82 0.00 0.04 16-18 0.01 0.00
75-80 1.84 0.05 85-87 0.00 0.03 18-20 0.03 0.00
80-85 2.62 0.06 90-92 0.00 0.03 20-22 0.00 0.00
85-90 1.42 0.04
90-95 0.59 0.02 Site RR - Piston Core
95-100 0.15 0.01
100-105 0.05 0.01
105-110 0.00 0.00 2-4 0.25 0.02
110-115 0.00 0.00 4-6 0.32 0.02
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Appendix lib. Cs-137 Profiles
RD Cs-137 Activity (dpm g*1)














RR Cs-137 Activity (dpm g*1)
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RD Site • Kasten Core M3 Site • Kasten Core RR Site • Kasten Core
1 34.03 0.25 30.44 1 32.77
21 42.97 6 34.26 3 35.10
41 55.08 26 37.52 5 36.40
49 54.20 31 40.80 7 37.04
55 60.54 41 45.65 9 36.91
59 61.92 51 48.01 9 37.21
59 54.28 61 47.13 11 31.50
72.5 47.39 71 42.04 13 26.86
82.5 54.82 86 38.14 15 23.69
107.5 54.74 91 28.16 17 20.29
122.5 49.14 101 17.87 19 17.96
132.5 50.00 111 21.27 21 15.91
142.5 43.79 121 12.74 21 21.29
157.5 44.45 131 18.71 23 17.55
177.5 39.49 151 16.33 23 22.30
192.5 22.41 160.5 8.75 25 19.34
227.5 24.07 171 13.24 27 19.67
257.5 22.13 181 10.07 31 19.86
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RD Total Lead Oigg'1)









M3 • Total Lead fag g*1)










RR Total Lead (jig g*1)
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Appendix IV. Pollen (Ambrosia - Ragweed) Profiles
RD Ambrosia %


























Initial Land Clearance 
1650-1750250
These pollen distribution data were provided by Dr. D. Willard of the U.S.G.S.- 
Reston, VA. Pollen work was carried out on a core collected at the RD site 
on a later date but was cross-correllated using microfossil indicators. Sediment 
was provided to Dr. Willard from the M3 Kasten core of this study for the 
pollen work at site M3.





Appendix Va. RD Kasten Core Age Model
224
500








210Pb-derived constan t 
MAR = 1.2053 g cm * y 1
o 20 40 60 80 100 120 140 160 180
Cummulative Mass (g cm'2)
RD Kasten Core
Depth Cumm. Mass Year Age
Method (cm) (gem*) (V)
Sediment Surface 0 0.0 1998.8 0
Anthropogenic Pb - Peak 57 16.4 1975.0 23.8
Cs-137-Peak 82.5 25.2 1964.0 34.5
Cs-137 - First Occurrence 95 30.0 1954.0 44.8
Anthro. Pb - First Occurrence 182.5 62.2 1910.0 88.8
Pollen-Ag. Revival 325 135.0 1800.0 198.8
Pollen - Initial Agriculture 415 185.0 1610.0 388.8
C-14 296 116.4 1679.8 319
C-14 340 143.5 1610.8 388
C-14 369 160.0 1539.8 459





Appendix Vb. M3 Kasten Core Age Model
225
400





210Pb-derived constan t 
MAR = 0.4737 g cm '2 y 1
o
0 20 40 60 80 100









Sediment Surface 0 0.0 1996.3 2.55
Anthropogenic Pb - Peak 51 12.9 1975.0 23.8
Cs-137-Peak 53.5 13.5 1964.0 34.5
Cs-137 - First Occurrence 66 19.0 1954.0 44.8
Pollen-Farm Abandonment 91 28.0 1935.3 61
Anthro. Pb - First Occurrence 96 30.0 1910.0 88.8
Pollen-Ag. Revival 140 49.9 1800.0 196.3
Pollen • Initial Agriculture 215 90.0 1610.0 386.3












210Pb-derived co n stan t
MAR = 0.1347 g cm '2 y*20 -
0 2 6 10 124 8 14 16









Sediment Surface 0 0.0 1998.8 0
Anthropogenic Pb - Peak 8 4.0 1975.0 23.8
Cs-137-Peak 7 3.5 1964 34.5
Cs-137 - First Occurrence 18 9.0 1954.0 44.8
Anthro. Pb - First Occurrence 16 8.0 1910.0 88.8
C-14 350 182.5 477.5 1521
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Appendix VI a. - Sediment Parameters
Midpt Dry Cumm. Model Mass Linear Midpt Dty Cumm. Model Mass Unear
□epth Bulk Mass Year Accum. Accum. Depth Bulk Mass Year Accum. Accum.
Density of Rata Rate Density of Rate Rats
(cm) (ga n 3) (g cm'2) Deposit (g cm'2y ') (cm y ') (cm) (gcm'1) (gem 2) Deposit (gcm'2y ’) (cm y ')
RD Site • Kasten Core RD Site • Kasten Core (continued)
1.0 0.24 0.12 1998.7 111 5.06 1825 0.41 6224 1891.0 0.58 1.41
3.0 0.28 0.64 1998.3 111 419 187.5 0.42 64.33 1885.4 0.57 1.34
5.0 0.29 1.21 1997.8 111 4.17 1925 0.45 66.50 1879.4 0.56 115
7.0 0.30 1.79 1997.3 111 4.08 197.5 0.46 68.76 1873.1 0.55 1.20
9.0 0.30 139 1996.8 1.21 4.00 2025 0.46 71.05 1866.6 0.54 1.17
11.0 0.29 198 1996.3 1.21 4.21 207.5 0.42 73.25 1860.3 0.53 116
13.0 0.31 3.57 1995.8 1.21 3.91 2125 0.42 75.34 1854.1 0.52 1.24
15.0 0.27 4.15 1995.4 111 4.40 217.5 0.45 77.52 1847.6 0.51 1.14
17.0 0.20 4.63 1995.0 111 5.93 2225 0.43 79.72 1841.0 0.51 1.17
19.0 0.24 5.08 1994.6 111 4.93 227.5 0.43 81.89 1834.3 0.50 1.15
21.0 0.25 5.58 1994.2 111 4.74 2325 0.43 84.05 1827.6 0.49 1.14
23.0 0.29 6.12 1993.7 1.21 4.16 237.5 0.45 86.26 1820.6 0.48 1.07
25.0 0.28 6.69 1993.2 111 4.30 2425 0.49 88.61 1813.1 0.48 0.97
27.0 0.27 7.24 19918 111 4.44 247.5 0.47 91.03 1805.2 0.47 0.99
29.0 0.28 7.79 19913 1.21 4.35 252.5 0.45 93.34 1797.6 0.46 1.02
31.0 0.30 8.37 1991.9 111 4.01 257.5 0.48 95.67 1789.8 0.46 0.96
33.0 0.29 8.96 1991.4 1.21 4.17 262.5 0.48 98.04 1781.8 0.45 0.95
35.0 0.32 9.57 1990.9 111 3.75 267.5 0.50 100.49 1773.4 0.45 0.89
37.0 0.33 10.22 1990.3 111 3.68 2725 0.51 103.03 1764.6 0.44 0.86
39.0 0.29 10.84 1989.8 111 4.13 277.5 0.52 105.61 1755.5 0.43 0.83
41.0 0.32 11.45 1989.3 111 3.82 282.5 0.53 108.24 1746.1 0.43 0.81
43.0 0.30 1106 1988.8 111 4.06 287.5 0.58 111.01 1736.1 0.42 0.73
45.0 0.31 1167 1988.3 111 3.85 297.5 0.53 116.65 1715.2 0.41 0.78
47.0 0.33 13.31 1987.8 111 3.71
49.0 0.31 13.94 19871 111 3.89
51.0 0.31 14.56 1986.7 111 3.88 RD Baton Core (lower)
53.0 0.31 15.18 19861 1.21 3.88
55.0 0.32 15.81 1985.7 111 3.77
57.0 0.28 16.42 19851 111 416 250.0 0.48 9233 1800.9 0.47 0.98
59.0 0.30 17.00 1984.7 1.21 4.02 260.0 0.48 97.10 1785.0 0.45 0.95
62.5 0.34 18.15 1983.7 111 3.54 270.0 0.50 101.98 1768.2 0.44 0.89
67.5 0.31 19.78 19814 1.21 3.86 280.0 0.57 107.30 1749.4 0.43 0.76
715 0.35 21.42 1977.9 1.03 297 290.0 0.63 11318 1727.7 0.42 0.66
77.5 0.38 23.23 19751 0.98 261 300.0 0.64 119.63 1704.0 0.41 0.63
815 0.40 25.18 19710 0.94 233 310.0 0.63 125.99 1679.5 0.39 0.62
87.5 0.38 27.14 1969.7 0.90 237 320.0 0.59 13210 1655.4 0.38 0.65
915 0.40 29.10 1965.3 0.87 216 330.0 0.55 137.82 16322 0.38 0.68
97.5 0.37 31.03 19611 0.84 217 340.0 0.58 143.49 1608.8 0.37 0.63
1015 0.33 3179 1958.6 0.82 246 350.0 0.55 149.15 1584.8 0.36 0.65
107.5 0.36 34.52 1955.3 0.79 219 360.0 0.56 154.72 1560.8 0.35 0.63
1115 0.36 36.33 1951.7 0.77 213 370.0 0.56 160.33 1536.1 0.35 0.62
117.5 0.35 38.11 1948.1 0.75 217 380.0 0.56 165.91 1511.1 0.34 0.61
1215 0.36 39.86 19441 0.73 207 390.0 0.52 17117 1486.6 0.33 0.65
127.5 0.33 41.58 19401 0.72 218 400.0 0.60 176.84 1460.7 0.33 0.55
1315 0.37 43.31 1937.1 0.70 1.92 410.0 0.60 18283 14324 0.32 0.54
137.5 0.37 45.15 1933.0 0.69 1.87 420.0 0.59 188.77 1403.9 0.32 0.54
1415 0.38 47.00 19261 0.67 1.79 430.0 0.56 194.52 1375.7 0.31 0.55
147.5 0.35 48.81 1924.6 0.66 1.89 440.0 0.62 200.46 13461 0.31 0.49
152.5 0.36 50.58 19201 0.65 1.80 450.0 0.62 206.68 1314.8 0.30 0.49
157.5 0.38 5144 1910.0 0.63 1.65
1615 0.36 54.29 1911.4 0.62 1.75
167.5 0.37 56.11 19061 0.61 1.64
1715 0.40 58.05 19011 0.60 1.48
177.5 0.43 60.14 16961 0.59 1.37
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Appendix VI a. (continued) - Sediment Parameters
Midpt Dry Cumm. Model Mass Linear Midpt Dry Cumm. Model Mass Linear
Depth Bulk Mass Year Accum. Accum. Depth Bulk Mass Year Accum. Accum.
Density of Rate Rate Oensity of Rate Rate
(cm) (gcm'3) (gcm 2) Deposit (gcm'2/ ’) (cm y ') (cm) (gem ) (gem'2) Deposit (g cm 2 y ') (cm y ')
M3 Site • Kasten Core RR Site - Kasten Core
0.2S 0.21 0.05 1996.1 0.47 223 1.00 0.47 0.47 1995.1 0.14 0.29
0.7S 0.21 0.16 1995.9 0.47 223 3.00 0.50 1.45 1988.0 0.14 0.27
1.25 0.21 0.27 1995.7 0.47 223 5.00 0.51 246 1980.7 0.14 0.27
1.75 0.21 0.37 1995.5 0.47 223 7.00 0.50 3.47 1973.4 0.14 0.27
225 0.21 0.48 1995.2 0.47 223 9.00 0.51 4.48 1966.0 0.14 0.27
275 0.21 0.58 1995.0 0.47 223 11.00 0.51 5.50 1958.6 0.14 0.27
3.25 0.21 0.69 1994.8 0.47 223 13.00 0.51 6.51 1951.3 0.14 027
3.75 0.24 0.80 1994.6 0.47 1.95 15.00 0.50 7.52 1944.0 0.14 0.27
4.25 0.24 0.92 1994.3 0.47 1.95 17.00 0.49 8.51 1936.8 0.14 0.28
4.75 0.24 1.05 1994.0 0.47 1.95 19.00 0.46 9.46 1929.9 0.14 0.30
1.00 0.21 0.21 1995.8 0.47 223 21.00 0.44 10.37 1923.3 0.14 0.31
6.00 0.24 1.39 1993.3 0.47 1.95 23.00 0.42 11.23 1917.0 0.14 0.33
11.00 0.24 260 1990.8 0.47 1.97 25.00 0.42 1208 1910.9 0.14 0.33
16.00 0.22 3.73 1988.4 0.47 213 27.00 0.41 1291 1904.9 0.14 0.34
21.00 0.26 5.01 1985.7 0.47 1.79 29.00 0.42 13.74 1898.9 0.14 0.33
26.00 0.24 8.23 1983.1 0.47 1.99 31.00 0.40 14.56 18929 0.14 0.35
31.00 0.25 7.48 1980.5 0.47 1.88 33.00 0.40 15.36 1887.1 0.14 0.35
36.00 0.24 8.67 1977.9 0.47 201 36.00 0.39 16.15 1881.4 0.14 0.36
41.00 0.26 9.93 1975.3 0.47 1.86 37.00 0.40 16.94 1875.6 0.14 0.34
46.00 0.30 11.40 19722 0.47 1.56 39.00 0.39 17.74 1869.9 0.14 0.35
51.00 0.31 1294 1967.3 0.45 1.44 41.00 0.40 18.53 1864.1 0.14 0.35
56.00 0.36 14.69 1961.9 0.43 1.19 43.00 0.41 19.33 1858.3 0.14 0.34
61.00 0.38 16.58 1955.9 0.41 1.07 45.00 0.42 20.16 18523 0.14 0.33
6225 0.38 17.06 1954.4 0.41 1.06 47.00 0.43 21.01 1846.1 0.14 0.32
6275 0.38 17.25 1953.7 0.41 1.06 49.00 0.46 21.90 1839.7 0.14 0.30
63.25 0.38 17.44 1953.1 0.40 1.05 5250 0.45 23.48 1828.2 0.14 0.31
65.25 0.38 18.21 1950.5 0.40 1.04 57.50 0.47 25.78 1811.5 0.14 0.29
71.00 0.38 20.42 1943.0 0.38 1.00 6250 0.47 28.12 1794.6 0.14 0.29
76.00 0.38 2232 1936.3 0.37 0.98 67.50 0.49 30.53 1777.1 0.14 0.28
81.00 0.37 24.19 1929.5 0.36 0.97 7250 0.47 3295 1759.5 0.14 0.29
86.00 0.38 26.08 19224 0.35 0.93 77.50 0.48 35.34 17423 0.14 0.29
91.00 0.39 28.03 1915.0 0.34 0.88 8250 0.47 37.71 1725.0 0.14 029
101.00 0.44 3235 1897.9 0.33 0.75 87.50 0.46 40.03 1708.2 0.14 0.30
111.00 0.44 36.76 1879.6 0.32 0.71 9250 0.48 4237 1691.2 0.14 0.29
121.00 0.44 41.16 1860.6 0.30 0.69 97.50 0.52 44.85 1673.2 0.14 0.27
131.00 0.45 45.64 1840.6 0.29 0.65 101.00 0.48 46.63 1660.4 0.14 0.29
141.00 0.45 50.14 1819.8 0.28 0.63 111.00 0.51 51.48 1625.2 0.14 0.27
151.00 0.49 55.00 1796.6 0.28 0.56 121.00 0.50 56.61 1588.0 0.14 028
160.50 0.56 60.24 1770.8 027 0.48 131.00 0.50 61.62 1551.7 0.14 027
161.50 0.54 60.79 1768.1 027 0.49 141.00 0.53 66.66 1515.1 0.14 026
16250 0.54 61.33 1765.4 027 0.49
163.50 0.54 61.87 17626 026 0.49
171.00 0.52 65.80 17427 026 0.50
181.00 0.54 71.19 1714.6 025 0.47
191.00 0.53 76.51 1686.2 025 0.47
201.00 0.57 8217 1655.2 024 0.42
211.00 0.57 87.86 1623.3 024 0.41
221.00 0.61 93.92 1588.6 023 0.38
231.00 0.62 100.10 15524 023 0.36
241.00 0.61 106.19 1516.1 022 0.36
251.00 0.62 11234 1478.6 022 0.35
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Appendix VI b. Sediment Cores Age/Accumulation models





—  Depth vs. Year 
•  Depth vs. MAR. 
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Appendix Vi c. Sediment Cores Age/Accumulation models
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 Depth vs. Year
•  Depth vs. M.A.R.






















Appendix VI d. Sediment Cores Age/Accumulation models
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 Depth vs. Year
—• — Depth vs. M.A.R. 
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Appendix VII a. Fatty Add Composition of Chesapeake Bay Surfidal Sediments (pg g dry sad.'1)
Sample Number (see Chapter 2)
Cmpd." 1 2 3 4 5 6 7 8 9 10 11 12
i12 0.00 0.00 0.00 0.00 0.09 0.14 0.00 0.00 0.00 0.00 0.00 0.00
12 0.00 0.44 0.35 0.32 0.22 0.55 0.43 0.19 0.31 3.73 1.96 0.90
i13 0.00 0.00 0.09 0.00 0.00 0.21 0.13 0.08 0.11 0.00 0.00 0.00
al3 0.00 0.00 0.00 0.00 0.00 0.11 0.00 0.00 0.00 0.00 0.00 0.00
13:1 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
13 0.00 0.00 0.22 0.00 0.08 0.18 0.14 0.08 0.17 0.00 0.00 0.00
i14 0.28 0.65 0.40 0.30 0.72 1.11 0.80 0.47 0.71 1.54 1.07 0.68
14:1w9 0.00 0.00 0.00 0.00 0.00 0.13 0.00 0.05 0.00 0.00 0.00 0.00
14:1w7 0.00 0.00 0.00 0.00 0.00 0.18 0.14 0.09 0.09 1.58 1.32 0.00
14:1wS 0.00 0.00 0.00 0.00 0.00 0.21 0.12 0.10 0.12 0.00 0.99 0.00
14 2.83 4.76 285 5.81 1.33 4.10 4.00 226 3.38 31.53 78.23 14.62
ilS 1.02 1.69 1.49 1.41 0.59 4.49 3.28 0.06 327 5.98 4.72 234
al5 1.39 1.76 1.75 1.19 0.83 3.63 247 0.11 236 6.90 5.88 4.24
15:1 0.00 0.31 0.21 0.00 0.00 0.14 0.10 0.06 0.11 1.21 200 0.00
IS 0.92 1.32 1.12 1.36 0.50 1.45 1.38 0.81 1.30 8.58 13.17 3.26
16:2 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.05 0.08 0.00 0.00 0.00
I6:n 0.00 1.34 0.30 0.22 0.09 0.60 0.38 0.21 027 127 1.19 0.00
16:4 0.19 0.24 0.32 0.48 0.09 0.71 0.68 0.26 0.48 1.10 18.31 0.00
i16 0.47 0.95 0.72 1.78 0.56 267 232 1.63 244 4.28 20.04 1.81
16:1w7 7.36 15.53 10.01 15.24 0.59 18.00 1250 6.42 8.97 78.53 281.04 35.15
16:lw9 1.21 2.09 237 1.88 0.14 424 3.83 277 3.33 6.93 7.52 274
16 12.46 21.84 14.11 18.06 6.90 21.19 20.22 11.74 17.01 83.56 126.78 3269
10Mel6 0.00 0.39 0.44 0.33 0.27 203 1.67 0.08 0.16 0.00 3.25 1.17
i17 0.36 0.51 0.48 0.42 0.35 1.60 1.48 0.36 126 0.00 1.60 0.79
a17 0.32 0.38 0.36 0.27 0.45 1.54 1.26 0.77 1.15 207 1.51 0.58
17:1 0.67 0.77 0.75 0.56 0.11 1.52 1.16 0.82 1.08 295 3.46 1.39
17 1.07 1.02 0.94 1.26 0.64 1.16 1.37 1.10 1.36 5.50 6.07 1.93
I8:n 0.00 0.00 0.18 0.22 0.00 027 0.21 0.15 0.20 0.00 0.00 231
16:2 0.00 0.00 0.21 0.38 0.17 0.19 0.19 0.12 021 0.00 3.05 0.00
lB:n 0.29 0.95 0.81 1.14 0.00 0.00 0.00 0.00 0.00 0.00 3.01 0.00
18:3w3 0.00 0.00 1.73 0.00 0.00 0.49 0.45 0.25 0.38 0.00 16.98 0.00
18:2w6 0.00 0.00 0.00 0.00 0.00 207 1.35 0.57 1.02 0.00 15.33 4.03
18:1 w ll 1.04 4.25 0.00 0.00 0.00 0.00 0.00 0.06 0.00 29.34 0.00 0.00
18:1 5.62 10.27 0.00 3.01 0.00 0.00 0.00 0.00 0.00 27.48 26.76 0.00
18:1w7 4.68 6.83 0.00 7.99 0.26 4.01 6.37 1.06 1.65 1.94 35.47 9.64
18:1 0.00 0.00 7.52 4.54 1.41 1124 14.47 4.63 6.91 1.27 216 11.69
18:1w9 0.38 0.37 4.38 0.39 0.96 7.86 5.81 3.60 4.80 0.00 1.95 0.68
18 6.24 6.02 3.76 4.86 296 7.92 7.02 4.79 6.66 20.71 3251 1295
OMebna 0.13 0.13 0.19 0.18 0.07 0.09 0.10 0.00 0.00 1.08 0.63 0.00
119 0.09 0.26 0.00 0.13 0.08 0.55 0.49 0.34 0.33 0.54 0.45 0.00
al9 0.00 0.00 0.11 0.09 0.16 0.37 0.43 0.17 027 0.48 0.00 0.00
19:1 0.25 0.38 0.56 0.42 0.21 120 0.95 0.41 0.52 0.00 1.70 0.00
20:5w3 0.00 1.08 1.08 3.56 0.33 6.84 1020 263 4.07 10.87 81.94 3.43
20:3 0.00 0.00 0.19 0.20 0.12 0.32 0.40 0.11 0.25 0.96 219 0.00
20:2 0.47 0.37 0.20 0.29 0.12 0.00 0.85 0.89 1.35 3.65 4.31 0.00
2Q:1w9 0.00 0.39 0.35 0.27 0.10 1.11 1.39 0.00 0.00 0.00 253 0.70
20:1w7 0.14 0.28 0.17 0.32 0.07 0.41 0.53 0.18 026 1.46 5.06 0.56
20:1wS 0.00 0.25 0.13 0.38 0.04 0.36 0.44 0.13 021 124 11.93 0.75
225*6 0.00 0.00 0.00 0.90 0.21 321 5.84 1.07 1.93 3.39 31.60 0.00
22:6*3 0.92 0.74 0.14 1.50 0.29 0.64 1.50 0.17 0.48 280 13.53 125
22a 0.00 0.00 0.00 0.00 0.37 0.34 0.46 3.44 0.89 0.00 0.00 0.00
22:1*9 0.00 0.24 0.00 0.26 0.12 0.63 0.96 020 0.38 1.55 724 0.00
221*7 0.00 0.00 0.00 0.00 0.11 029 0.46 0.11 022 0.00 3.82 0.00
22 1.15 1.61 1.72 1.27 237 326 3.16 1.31 206 3.73 523 269
23 0.26 0.38 0.48 0.27 0.53 0.82 0.83 0.33 0.53 0.00 0.98 0.00
24:1 0.00 0.00 0.00 0.47 0.12 026 0.32 0.09 0.18 0.00 120 0.68
24 1.34 1.53 208 1.31 1.77 287 270 1.30 1.95 3.98 3.88 3.64
26 0.98 1.13 1.52 1.09 0.52 0.65 0.90 025 0.56 206 1.95 285
28 0.74 0.93 1.03 0.69 1.60 201 220 0.99 1.69 0.94 124 123
Total FA 49.34 83.14 67.04 8285 3219 135.01 133.78 6122 9203 34122 873.30 164.16
•A * saturated FA with A carbons
AitaCsA carbon atoms, B double bonds and Cadouble bond position Imm the aliphatic end of molecule.
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Appendix VII a. (continued) Patty Acid Composition of Chesapeake Bay Surfcial Sediments (pggdty sett*')
Sample Number (see C hapter 2)
Cmpd.* 13 14 15 16 17 18 19 20 21 22 23 24
i12 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
12 1.54 2.14 43.12 13.64 2.34 5.03 3.93 0.00 0.90 1.75 221 5.80
i13 0.68 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.46
a l3 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
13:1 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
13 0.80 0.00 0.00 0.00 0.00 2.12 0.00 0.00 0.00 0.00 0.00 1.06
iU 2.03 0.91 1.55 1.72 4.43 2.02 1.77 0.85 0.80 1.48 1.58 1.96
14:1w9 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
14:1*7 1.03 0.00 0.00 0.00 1.99 0.00 0.00 0.00 0.67 0.94 0.00 1.91
14:1w5 0.89 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.59 1.11 1.09
14 26.82 24.75 38.25 51.66 67.71 43.49 34.88 10.53 38.88 39.41 28.24 36.04
ilS 7.97 420 5.66 7.34 329 6.90 7.35 2.62 2.76 4.39 5.30 7.39
alS 9.32 6.45 8.13 12.94 21.28 11.05 11.00 5.23 4.76 6.60 8.16 10.87
15:1 2.07 1.55 0.00 0.00 21.73 0.00 0.00 0.00 1.13 ^0 0 1.21 1.10
15 10.60 11.15 7.53 8.33 21.09 12.30 11.76 3.22 6.86 9.57 7.08 8.18
16:2 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
I6:n 1.39 0.89 0.00 0.00 222 0.00 0.00 0.00 1.06 0.00 2.15 1.67
16:4 1.45 1.77 0.00 0.00 0.00 2.31 222 0.00 4.14 0.79 1.40 1.01
i16 4.01 3.77 3.73 4.00 11.43 4.92 4.30 1.62 7.45 0.75 Z61 3.84
16:1*7 75.86 59.78 80.54 101.76 136.06 97.05 61.43 30.69 154.89 128.37 65.96 84.41
16:1*9 6.23 3.79 9.65 728 0.00 7.46 5.45 3.04 5.62 5.31 4.79 5.99
16 76.42 69.37 102.35 141.88 166.51 127.89 100.52 31.88 68.38 76.46 58.94 11820
lOMel6 2.59 1.86 2.37 3.58 9.62 3.52 2.88 2.11 1.46 124 2.32 1.09
i17 2.09 127 1.83 2.02 6.36 2.24 221 0.78 1.11 1.41 1.51 225
a17 1.59 1.58 1.99 2.37 6.33 2.33 2.01 0.96 1.11 1.04 1.47 2.31
17:1 4.46 3.34 3.02 3.45 3.79 4.61 4.44 1.80 2.11 3.56 3.29 3.91
17 5.85 3.71 6.71 12.09 8.09 8.69 5.55 2.51 2.83 3.42 3.99 12.12
I8:n 0.76 0.00 0.00 0.00 0.00 0.00 0.00 0.00 1.17 0.88 3.12 0.94
18:2 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 2 2 7 0.93 0.00 1.00
I8:n 5.53 0.00 0.00 0.00 0.00 0.00 0.00 1.27 7.74 6.15 0.00 3.99
18:3*3 123 3.39 229 5.82 0.00 3.87 4.54 0.00 0.00 0.00 0.00 0.00
18:2*6 7.49 5.31 621 12.75 4.36 11.95 7.06 221 8.73 9.39 6.46 7.48
18:1*11 21.75 1321 0.00 0.00 9.15 0.00 0.00 0.00 1724 18.71 0.00 36.84
18:1 26.73 12.53 0.00 0.00 0.00 0.00 0.00 9.48 26.37 30.00 22.92 68.04
18:1*7 1.44 1.40 0.00 0.00 0.00 0.00 0.00 14.86 1.42 2.04 19.51 2.68
18:1 0.00 0.00 31.55 51.66 0.00 41.09 26.49 0.71 0.93 0.89 122 0.00
18:1 *9 0.92 0.79 39.47 69.01 31.49 52.08 3226 0.00 0.90 0.74 0.00 0.00
18 16.11 10.71 43.77 60.84 54.55 47.07 25.84 7.50 10.83 13.34 12.19 44.67
lOMebna 1.14 0.52 1.05 0.00 2.53 1.62 0.00 0.38 0.32 0.48 0.00 1.41
!19 0.36 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.33 0.00 0.00 0.67
a19 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.36 0.30 0.00 0.61
19:1 1.18 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.71 0.78 0.00 1.34
20:5w3 14.77 12.07 7.10 18.51 6.81 13.83 16.60 4.27 37.16 14.06 8.98 10.56
20:3 0.88 0.95 0.00 3.45 329 0.00 0.00 0.00 1.31 0.97 0.00 0.98
202 1.73 0.00 4.48 17.88 2.57 3.16 2.44 0.00 2.33 2.77 2.95 2.64
20:1*9 0.98 0.48 0.00 0.00 0.00 1.19 0.90 0.69 1.61 1.35 0.67 124
20:1*7 0.74 0.54 1.83 0.00 0.92 225 0.79 0.39 2.85 2.98 0.70 1.51
20:1*5 1.00 0.77 1.65 0.00 1.17 2.45 0.00 0.00 4.11 0.00 0.56 1.78
22:5*6 520 3.77 1.92 8.10 0.00 2.51 5.79 1.63 12.92 525 2.87 3.84
22:6*3 12.09 0.00 4.71 18.33 1.41 6.41 7.74 0.00 1.79 4.68 0.00 26.60
222 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
22:1*9 1.10 0.88 0.00 0.00 0.00 0.00 0.00 0.00 3.65 3.51 0.00 1.68
22:1*7 1.01 0.00 0.00 0.00 1.30 1.50 0.00 0.00 2.01 2.16 0.00 128
22 4.78 3.36 3.42 3.93 5.72 4.93 4.39 1.98 2.97 3.96 9.74 5.11
23 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.75 0.00 0.94
24:1 1.48 0.94 0.00 0.00 0.00 0.00 0.00 0.00 0.76 1.40 0.00 0.89
24 428 3.19 3.20 3.94 7.11 5.78 6.01 220 2.11 3.59 27.74 6.32
26 2.37 221 0.00 0.00 1326 1.83 1.37 1.43 1.10 1.06 2.11 1.48
28 126 1.09 0.00 0.00 1.16 0.00 0.00 0.00 0.00 0.59 121 0.89
Total FA 351.76 267.86 469.08 64829 642.30 547.42 403.89 136.18 432.98 388.16 303.36 47822
'A  z  saturated FA with A carbons
AiBcoCxA carbon atoms, B double bonds and C^doubte bond position from fte aliphatic end of molecule.
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Appendix VII a. (continued) Fatty Acid Composition of Chesapeake Bay SurfldaJ Sediments (pg g dry sed '1)
Sample Number (see C hapter 2)
Cmpd.* 25 26 27 28 29 30 31 32 33 34 35 36
i12 0.00 0.00 0.00 0.00 0.00
12 3.40 0.00 0.00 2.49 3.01
i13 0.00 0.00 0.00 0.00 0.37
al3 0.00 0.00 0.00 0.00 0.00
13:1 0.00 0.00 0.00 0.00 0.00
13 0.00 0.00 0.00 0.00 0.00
I14 1.98 3.66 3.90 3.62 1.62
14:1w9 0.00 0.00 0.00 0.00 0.00
14:1w7 0.00 0.00 0.00 0.00 1.23
14:1wS 0.00 0.00 0.00 0.00 0.00
14 22.23 18.67 17.17 23.63 48.49
ilS 8.01 11.28 12.05 10.62 4.73
alS 8.32 15.67 15.14 13.87 7.72
15:1 0.00 0.00 0.00 0.00 1.94
IS 5.33 8.04 5.99 6.45 11.33
16:2 0.00 0.00 0.00 0.00 0.00
I6:n 0.00 0.00 0.00 0.00 1.02
16:4 2.03 0.00 0.00 0.00 1.91
i16 6.01 6.59 7.60 10.45 5.73
16:lw7 62.71 47.20 43.37 79.81 174.52
I6:iw9 2.62 4.38 3.61 5.00 5.53
16 56.79 54.45 54.59 56.73 97.40
10Me16 3.38 4.34 4.99 5.39 1.60
i17 1.87 3.22 3.37 3.35 1.46
al7 2.17 6.66 3.55 3.62 1.57
17:1 1.81 2.99 2.70 2.88 3.22
17 4.95 5.08 4.65 3.87 4.06
I8:n 0.00 0.00 0.00 0.00 0.95
18:2 0.00 0.00 0.00 0.00 0.00
18:n 0.00 3.27 2.54 4.51 0.00
18:3w3 4.03 0.00 0.00 0.00 1.05
182*6 3.17 4.67 2.55 3.62 9.41
18:lw11 0.00 0.00 0.00 0.00 0.00
18:1 19.89 18.72 17.30 17.62 0.00
18:1*7 21.34 25.70 27.79 28.81 0.00
18:1 0.00 0.00 0.00 3.05 18.38
18:1*9 0.00 0.00 0.00 0.00 25.99
18 13.72 10.82 16.18 11.47 13.37
tOMebria 0.00 0.00 0.00 0.00 0.56
119 0.00 11.05 0.00 17.47 0.00
ai9 0.00 0.00 0.00 0.00 0.00
19:1 0.00 0.00 0.00 0.00 0.83
20:5*3 15.00 2.79 2.32 3.37 16.33
20:3 0.00 0.00 0.00 0.00 0.89
20:2 0.00 0.00 0.00 0.00 2.61
20:1*9 0.00 0.00 1.99 2.50 0.70
20:1*7 0.00 0.00 0.00 2.79 1.45
20:1*5 0.00 0.00 0.00 2.48 0.00
22:5w6 6.50 3.70 224 0.00 6.10
226*3 9.36 4.12 2.60 0.00 2.60
22:2 0.00 0.00 0.00 0.00 0.00
22:1 *9 0.00 0.00 0.00 0.00 2.63
22:1*7 1.29 0.00 0.00 0.00 1.94
22 0.00 2.22 2.17 2.53 3.67
23 0.00 0.00 0.00 0.00 0.00
24:1 0.00 0.00 0.00 0.00 1.22
24 0.00 2.86 2.83 2.00 2.61
26 0.00 0.00 0.00 0.00 0.00
28 0.00 0.00 0.00 0.00 0.00
Total FA 285.88 282.16 263.39 344.29 49259
0.47 0.00 0.00 0.00 0.00 0.00 0.00
2.57 3.19 280 2.33 25.34 21.14 0.00
0.68 0.34 0.00 0.00 0.00 0.00 0.00
0.00 0.00 0.00 0.00 0.00 0.00 0.00
0.00 0.00 0.00 0.00 0.00 0.00 0.00
1.17 0.00 0.00 0.00 0.00 0.00 0.00
2.92 1.69 1.62 1.63 1.40 1.54 0.49
0.00 0.00 0.00 0.00 0.00 0.00 0.00
1.23 0.82 0.00 1.19 0.00 0.00 0.00
1.89 1.14 0.00 0.98 0.00 0.00 0.00
44.07 30.31 21.35 26.38 2247 18.75 4.58
8.63 5.57 5.43 4.66 3.12 4.46 1.89
10.80 7.94 8.04 8.99 4.49 6.77 1.95
2.40 1.29 0.00 0.00 0.87 0.00 0.00
12.01 8.70 5.67 5.86 4.94 4.95 218
0.00 0.00 0.00 0.00 0.00 0.00 0.00
1.95 1.57 0.00 0.00 0.00 0.00 0.00
1.81 0.70 0.84 0.94 0.00 0.00 0.63
4.15 £43 2.52 2.99 251 1.83 1.49
142.07 61.55 42.84 48.64 51.90 26.87 15.25
8.14 4.64 3.79 3.86 3.57 3.48 0.70
125.79 81.99 74.68 83.34 56.75 6215 1281
2.35 1.97 1.87 1.73 0.00 1.87 0.93
1.93 1.60 1.61 1.65 1.21 1.32 0.61
2.14 1.53 1.77 1.69 0.99 1.51 265
5.58 4.18 2.45 253 216 229 0.49
7.89 6.83 6.15 9.08 429 4.84 0.92
0.00 1.06 0.00 0.00 0.00 0.00 0.00
0.00 0.00 0.00 0.00 0.00 0.00 0.00
0.00 0.00 0.00 0.00 0.00 0.00 0.00
3.89 0.00 0.00 0.00 3.05 0.00 1.18
10.34 5.52 3.76 0.00 527 3.20 0.89
0.00 0.00 0.00 3.88 0.00 0.00 0.00
0.00 0.00 0.00 0.00 0.00 0.00 3.92
88.74 26.68 38.40 43.75 0.00 0.00 4.61
0.00 40.51 1.64 0.00 16.15 21.55 0.00
2.19 1.92 0.00 232 27.86 29.66 0.00
37.24 35.23 35.33 44.89 18.99 34.03 217
0.87 0.58 0.83 1.09 0.48 0.00 0.00
0.43 0.61 0.39 0.60 0.00 0.00 0.00
0.00 0.39 0.00 0.46 0.00 0.00 0.00
1.07 0.86 0.00 0.95 0.00 0.00 0.00
17.11 4.41 4.04 526 14.90 1.66 5.39
1.08 0.00 0.00 0.00 0.90 0.00 025
2.88 2.74 1.10 1.49 0.91 0.00 0.00
1.65 0.67 0.91 0.90 1.04 0.00 0.71
1.30 0.75 0.80 1.10 1.16 0.00 0.40
0.00 0.00 0.82 1.39 1.35 0.76 0.00
8.39 0.96 1.16 1.15 9.51 0.00 0.00
6.25 5.57 3.86 0.00 3.64 229 1.65
0.00 0.00 0.00 25.95 0.00 243 0.00
1.65 0.70 0.00 0.79 1.71 0.00 0.00
1.32 0.00 0.00 0.00 0.90 0.00 0.31
11.36 5.60 3.08 3.36 261 274. 0.00
0.00 0.00 0.00 0.00 0.00 0.00 0.00
0.00 1.08 0.00 0.00 0.00 0.00 0.00
22.90 10.71 3.70 3.58 272 3.46 0.00
1.96 122 1.15 1.64 0.95 0.00 0.00
0.98 0.73 0.00 0.83 0.00 0.00 0.00
617.77 37922 284.37 351.87 300.13 265.58 68.84
‘A s saturated FA with A cartons
ArBoCsA carbon atoms, B double bonds and Odoubie bond position from tie  aliphatic end of molecule.
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Appendix VII a. (continued) Fatty Acid Composition of Chesapeake Bay Surllciai Sediments (pg g dry se d '1)
Sample Num ber (aae Chapter 2)
Cmpd.* 37 38 38 40 41 42 43 44 45 46 47 48 49
•12 0.00 0.00 0.00 0.00 0.00 0.17 0.00 0.03 0.00 0.00 0.00 0.00 0.00
12 0.21 0.00 0.00 0.05 0.17 0.39 0.11 0.13 0.00 027 0.15 0.15 020
i13 0.00 0.00 0.00 0.02 0.07 0.13 0.04 0.05 0.00 0.00 0.00 0.00 0.00
al3 0.00 0.00 0.00 0.00 0.00 0.09 0.00 0.00 0.00 0.00 0.00 0.00 0.00
13:1 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
13 0.00 0.00 0.00 0.05 0.13 022 0.07 0.10 0.00 0.18 0.00 0.00 0.14
iU 0.49 0.00 0.00 0.13 0.52 0.83 021 0.29 0.00 0.31 0.11 0.00 0.17
14:1*9 0.00 0.00 0.00 0.03 0.00 0.06 0.00 0.02 0.15 0.00 0.00 0.00 0.00
14:1*7 0.00 0.00 0.00 0.03 0.13 0.27 0.03 0.04 0.00 0.19 0.00 0.00 0.00
14:1*5 0.00 0.00 0.00 0.02 0.08 0.16 0.05 0.04 0.00 0.11 0.00 0.00 0.00
14 224 1.76 7.87 0.69 8.08 8.50 1.19 1.63 0.96 9.55 258 1.03 227
its 1.74 0.83 0.85 0.48 1.07 1.70 0.64 0.98 027 0.61 0.35 0.18 0.55
alS 215 1.18 0.84 0.63 1.16 1.70 0.79 1.03 0.55 0.97 0.63 0.45 0.87
15:1 0.00 0.00 0.00 0.03 0.41 0.00 0.09 0.10 0.00 0.60 0.16 0.00 0.00
15 1.73 0.68 1.34 0.31 202 3.48 0.54 0.62 0.41 2.88 0.87 0.52 0.86
16:2 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.04 0.00 0.00 0.00 0.00 0.00
I6:n 0.00 0.00 0.00 0.04 0.12 0.25 0.08 021 0.00 021 0.00 0.00 0.00
16:4 0.00 0.00 0.00 0.09 3.03 1.96 0.14 0.23 0.00 0.67 0.10 0.00 0.09
116 1.00 0.80 271 0.32 3.86 274 0.42 0.68 0.12 1.42 022 0.11 0.30
16:1*7 6.23 5.33 0.00 222 0.00 28.33 3.65 3.82 2.31 2925 6.74 257 4.81
16:1*9 0.53 0.00 0.76 0.21 25.72 1.19 029 0.39 0.23 0.86 0.35 020 0.49
16 7.56 5.51 18.33 298 13.78 20.72 4.08 4.75 2.90 17.98 7.02 3.58 6.79
lOMels 0.00 0.47 0.00 0.29 0.50 0.70 0.33 0.46 0.19 0.38 0.10 0.18 026
•17 0.55 0.00 0.49 0.15 0.44 0.74 0.25 0.32 0.07 0.20 0.11 0.07 0.17
ai7 1.23 0.42 0.62 0.18 0.44 299 024 0.31 0.09 021 029 0.11 0.17
I7:i 0.40 0.00 0.00 0.12 0.50 1.06 027 0.30 0.11 1.32 0.24 0.16 0.42
17 0.76 0.51 1.21 0.27 0.59 1.23 0.38 0.45 0.23 1.04 0.43 0.36 0.90
18:n 0.00 0.00 0.32 0.00 0.08 0.00 0.03 0.00 0.00 020 0.00 0.00 0.00
18:2 0.00 0.00 0.00 0.00 0.11 0.10 0.00 0.00 0.00 0.25 027 0.00 0.00
18m 0.46 0.00 0.85 0.00 0.00 0.00 0.00 0.00 0.00 0.32 0.37 0.09 026
18:3*3 0.00 0.00 0.00 0.04 0.27 0.28 0.05 0.12 0.00 1.10 0.00 0.00 0.00
182*6 0.40 0.27 1.06 0.22 0.41 1.99 024 0.31 0.16 1.32 0.45 0.19 0.00
18:1*11 0.00 0.00 0.00 0.00 1.85 1.44 0.26 0.38 0.00 3.45 0.00 0.00 0.46
18:1 256 1.75 7.25 0.00 0.00 0.00 0.00 0.00 0.00 523 1.33 1.18 211
I8:lw7 3.03 220 9.24 0.24 1.12 0.00 0.00 0.00 0.00 0.23 0.00 1.69 291
18:1 0.22 0.00 0.00 0.98 256 3.77 1.14 1.33 0.86 0.00 0.00 0.00 0.13
18:1*9 0.00 0.00 0.00 1.33 3.72 7.07 0.00 0.00 1.21 0.14 245 0.00 0.00
18 1.60 1.26 10.27 0.73 1.87 0.32 1.81 1.73 0.87 3.73 121 1.44 208
tOMebns 0.00 0.00 0.00 0.00 0.00 0.23 0.00 0.11 0.00 0.12 0.00 0.00 0.13
•19 0.00 0.00 0.82 0.05 0.07 0.11 0.05 0.13 0.00 0.09 0.00 0.00 0.00
a19 0.00 0.00 0.00 0.02 0.08 0.14 0.04 0.09 0.00 0.00 0.00 0.00 0.00
19:1 0.00 0.00 0.00 0.03 0.07 0.16 0.05 0.10 0.00 0.18 0.00 0.00 0.00
20:5*3 0.43 0.32 0.00 1.11 17.38 17.02 1.88 1.82 0.13 5.51 127 0.30 0.76
20:3 0.00 0.00 0.00 0.03 0.29 0.76 0.09 0.11 0.00 0.19 0.08 0.00 0.00
202 0.00 0.00 0.28 0.00 0.00 0.00 0.00 0.04 0.00 0.43 0.17 0.00 0.00
20:1*9 0.41 0.00 0.00 0.10 0.82 0.79 0.19 0.17 0.07 0.14 0.15 0.09 022
20:1*7 0.17 0.00 0.69 0.05 0.55 0.45 0.08 0.10 0.00 0.37 0.16 0.05 0.13
20:1*5 0.00 0.00 1.19 0.04 0.73 0.56 0.07 0.11 0.00 0.68 0.17 0.00 0.12
225*6 0.00 0.32 0.35 0.43 5.56 6.52 0.87 0.73 0.00 1.58 0.48 0.00 0.19
226*3 0.13 0.40 241 0.08 1.11 0.39 0.15 0.13 0.00 1.93 022 028 213
222 0.00 0.00 0.00 0.57 0.40 237 0.04 0.07 0.00 0.00 0.00 0.00 0.00
221*9 0.18 0.00 0.40 0.06 0.90 0.99 0.15 020 0.00 0.53 028 0.00 0.13
221*7 0.00 0.00 0.00 0.03 0.36 0.33 0.06 0.09 0.00 028 0.12 0.00 0.00
22 0.00 0.00 0.43 0.14 0.39 0.57 021 027 0.14 0.59 021 0.17 0.43
23 0.00 0.00 0.00 0.03 0.06 0.09 0.04 0.05 0.00 0.10 0.00 0.00 0.00
24:1 0.00 0.00 0.00 0.02 0.09 0.14 0.02 0.03 0.00 0.17 0.09 0.00 0.00
24 0.00 0.00 0.00 0.13 0.24 0.44 021 020 0.13 0.35 0.12 0.16 0.37
26 0.00 0.00 0.00 0.02 0.00 0.06 0.03 0.03 0.00 021 0.00 0.00 0.17
28 0.00 0.00 0.00 0.06 0.07 0.12 0.07 0.10 0.00 0.12 0.00 0.00 0.12
Total FA 37.46 24.83 70.55 15.95 104.10 12681 21.72 25.57 12.15 93.49 28.45 14.03 29.90
-A * saturated FA with A cartons
ABoC*A carbon atoms, B double bonds and CsdouMe bond poeilon (ram Vie aiphatfc end of moiecuie.
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Appendix VIII a. Fatty Add Composition of Chesapeake Bay Sediment Cores (pg g dry sed.'') 
Sample Designated by Depth (cmySite Name
20 12.0 22.0 32.0 42.0 520 63.0 95.0 115.0 135.0 155.0 175.0
Ctnpd.* RD RD RO RD RD BP BO RD RD BD RP RD
i12 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
12 14.43 8.45 6.72 8.42 29.40 23.67 24.82 17.73 29.98 0.00 19.82 16.02
i13 3.34 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
al3 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
13:1 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
13 3.59 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
i14 14.99 9.94 8.64 7.01 525 4.53 5.19 3.10 3.83 0.00 290 265
14:1*9 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
14:1*7 2.96 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
14:1*5 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
14 101.03 57.06 49.25 4273 28.19 2270 23.80 17.00 28.75 11.38 19.01 1S.36
i15 52.66 28.93 23.06 15.59 1283 10.59 11.14 5.59 7.24 3.78 5.79 5.03
ai5 67.15 36.88 27.84 19.52 15.20 1216 13.22 7.45 9.43 4.85 7.61 6.36
15:1 3.15 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
15 31.36 17.80 13.87 15.36 9.00 8.46 8.40 5.77 10.04 4.40 6.82 5.51
162 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
16:n 6.43 4.26 6.07 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
16:4 4.24 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
i16 30.90 21.06 15.92 15.03 9.70 9.40 8.80 5.32 10.33 3.33 5.15 4.44
16:1*5 0.00 0.00 0.00 0.00 25.49 0.00 0.00 0.00 0.00 0.00 0.00 0.00
16:1*7 193.49 98.80 65.07 47.44 3.46 23.73 2242 16.00 40.12 6.52 16.02 11.83
16:1*9 30.02 11.51 6.67 5.09 3.46 3.08 235 0.00 233 0.00 0.00 1.52
16 335.75 183.75 177.10 179.41 141.30 117.56 109.84 94.70 136.82 60.52 87.06 78.36
10Met6 30.19 19.94 14.26 8.80 6.78 5.40 7.02 3.38 3.91 0.00 286 256
i17 18.58 12.69 10.00 8.61 7.32 5.80 6.52 3.93 5.15 282 3.94 3.19
ai7 23.79 14.94 12.13 10.50 9.69 9.61 8.89 6.03 8.14 3.88 5.96 5.30
17:1 16.20 7.24 4.87 4.42 0.00 0.00 0.00 0.00 0.00 0.00 0.00 1.35
17 29.38 11.63 11.83 13.66 10.46 10.18 8.34 11.08 15.10 4.24 7.20 8.41
I6:n 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
18:2 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
18:3w3 5.06 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
18:2*6 0.00 0.00 828 0.00 0.00 4.66 0.00 0.00 0.00 0.00 0.00 0.00
18:1*5 11.95 6.66 0.00 5.90 0.00 0.00 4.08 297 3.53 0.00 0.00 1.67
18:1*7 14.55 8.82 6.71 5.90 5.91 4.78 34.45 3.61 6.32 0.00 5.31 3.76
18:1*9 112.94 53.15 43.65 46.59 44.62 40.08 15.51 33.51 51.81 18.30 4224 30.79
I8:lwii 152.05 54.54 40.77 4296 27.08 23.12 250 28.88 38.45 6.85 17.55 2291
18 145.01 51.03 55.63 77.53 6232 53.82 41.31 51.77 69.58 26.70 39.48 41.47
i19 6.87 4.03 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
ai9 4.65 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
19:1 5.37 3.69 3.44 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 125
20:5*3 7.70 6.66 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
20:4 10.5t 16.37 10.26 9.75 0.00 3.39 4.60 0.00 6.27 0.00 0.00 0.00
20:3 7.56 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
20:2 13.37 7.11 6.03 4.85 4.30 0.00 3.99 0.00 4.54 0.00 3.04 247
20:1*9 0.00 0.00 0.00 0.00 0.00 1.81 0.00 1.40 0.00 0.00 0.00 0.00
20:1*7 4.40 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
20:lw5 4.06 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
22:6*6 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
22:6*3 0.00 9.06 6.35 526 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
22:5*3 3.81 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
22:4 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
22:2 31.58 0.00 0.00 15.87 0.00 11.88 0.00 41.18 45.54 0.00 14.05 16.05
22:1*9 4.38 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
22:1*7 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
22 15.75 14.59 23.14 18.15 1625 14.39 13.98 10.09 1238 7.60 10.10 8.30
23 0.00 0.00 3.71 6.36 0.00 298 252 0.00 232 0.00 0.00 1.62
24:1 4.13 0.00 7.04 0.00 3.42 281 264 0.00 288 0.00 0.00 124
24 17.21 16.04 4233 23.57 19.74 24.79 19.06 16.07 16.94 10.48 13.64 10.08
26 5.26 6.05 1290 11.37 10.07 13.90 10.19 9.08 6.05 4.50 620 5.93
28 0.00 3.83 8.61 7.54 6.32 7.62 6.41 5.27 5.23 254 3.83 3.53
30 0.00 5.40 4.44 3.61 3.01 3.32 262 270 276 0.00 266 204
Total FA 1605.70 813.90 758.34 711.08 524.42 48268 428.23 409.19 59296 18268 351.37 324.36
*A * sabrated FA with A carbons
AAaCsAcatbon atoms. B double bonds and Odouble bond posiion from tie aliphatic end of molecule.
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Appendix VIII a  (continued). Fatty Add Composition of Chesapeake Bay Sediment C ons (M) g dry sed.'1)
Sample Designated by Oapth (cmySita Name
199.0 219.0 239.0 245.0 290.0 299.0 275.0 290.0 299.0 310.0 340.0 390.0
Cmpd.* HD BD RD RD RD HO RD RD RD RD RO BO
i12 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
12 12.21 19.92 16.46 13.93 10.32 13.51 0.94 8.63 7.80 10.06 7.75 6.68
i13 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
a13 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
13:1 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
13 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
iU 3.16 4.01 4.20 3.70 2.65 3.32 3.69 3.47 3.44 5.09 4.94 5.06
14:1w9 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
14:1w7 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
14:1wS 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
14 11.71 19.10 15.78 13.35 9.89 12.96 9.94 828 7.47 9.65 7.43 6.60
i19 5.27 6.68 6.15 5.21 3.77 4.75 4.33 3.48 3.03 3.82 3.21 2.92
ai5 6.94 8.75 8.55 7.40 5.27 6.46 6.23 526 4.76 6.09 5.28 4.99
15:1 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
15 4.10 6.47 5.59 4.76 3.71 5.78 3.90 3.13 3.15 3.52 2.71 2.70
16:2 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
I6:n 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
16:4 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
tie 4.63 6.33 5.68 4.85 3.48 4.27 4.28 3.51 3.06 3.81 3.15 3.03
16:1w5 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
16:1w7 8.21 18.64 12.20 8.68 5.96 9.25 5.70 4.25 3.57 4.27 2.74 2.81
16:1w9 1.35 1.73 1.81 1.23 0.00 1.08 0.88 0.67 0.00 0.00 0.50 0.00
16 53.39 78.55 68.95 58.96 47.69 5729 51.73 40.71 35.09 43.77 34.59 36.42
10Me16 2.47 3.15 3.02 2.14 1.57 1.95 1.72 1.40 1.09 1.31 1.08 1.03
i17 3.31 4.08 3.52 3.39 2.54 3.04 2.83 1.94 1.89 2.17 1.79 1.55
al7 4.51 5.67 5.13 4.26 3.48 4.00 3.79 3.04 2.53 2.87 228 2.06
17:1 0.97 1.23 1.15 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
17 4.36 6.61 5.53 4.84 6.35 4.29 4.07 3.33 3.11 3.85 2.86 2.41
I8:n 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.72 0.00
18:2 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.79 0.00 0.71 0.00
18:3w3 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
18:2w6 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
18:1wS 1.10 2.05 0.00 1.47 0.00 125 0.76 0.75 0.00 0.00 0.51 0.00
18:1*7 2.15 3.50 2.43 1.76 1.33 0.00 1.56 0.00 0.00 1.19 1.02 0.98
18:1w9 13.61 19.57 12.99 10.50 8.42 11.60 8.07 7.18 5.83 6.40 4.45 4.60
18:1*11 4.32 8.76 4.45 3.64 3.33 3.43 2.60 1.94 1.42 2.37 1.49 1.19
18 20.47 27.54 24.48 19.95 18.07 18.74 18.36 13.63 11.78 14.99 12.00 1260
119 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
al9 1.13 1.50 1.51 0.00 0.00 1.11 1.10 0.92 0.86 0.99 0.87 0.00
19:1 1.16 0.00 1.45 0.00 0.00 0.00 1.04 0.94 0.82 0.98 0.97 0.00
20:5*3 0.00 3.76 1.50 0.00 0.00 0.00 0.00 0.00 0.00 2.56 2.14 0.00
20:4 1.72 3.95 2.39 0.00 1.56 2.07 1.66 0.00 0.00 0.00 0.89 0.00
20:3 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.65 0.00
20:2 1.72 2.18 0.00 1.47 0.00 1.36 127 0.89 0.68 0.00 0.00 0.00
20:1*9 0.00 0.00 0.84 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.38 0.00
20:1*7 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 029 0.00
20:1*5 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
22:6W6 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
22:6*3 0.00 226 1.65 0.00 0.00 0.00 124 0.00 0.92 0.00 0.00 0.00
22:5*3 0.00 0.00 1.45 0.00 0.00 0.00 1.19 0.93 0.00 0.00 0.00 0.00
22:4 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
22:2 0.00 8.36 0.00 0.00 27.34 0.00 220 0.00 0.00 1.44 1.79 0.00
22:1*9 0.00 0.00 0.00 0.00 0.00 129 0.00 0.00 0.98 1.69 0.00 0.00
22:1*7 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.74 0.00
22 9.75 11.90 14.33 11.61 9.46 11.76 14.04 11.66 11.66 14.35 12.36 1124
23 1.99 2.44 2.99 225 1.75 2.32 2.71 2.06 2.05 225 2.42 1.61
24:1 1.57 1.69 1.90 2.68 1.45 2.81 1.53 2.50 2.74 3.62 3.63 208
24 15.33 18.92 20.68 17.43 10.17 15.01 16.98 12.91 10.13 13.97 12.16 10.60
26 11.27 12.72 14.47 1421 6.93 1128 14.06 11.10 9.31 12-78 11.84 11.08
26 6.14 6.11 8.91 8.08 3.93 6.49 7.57 6.05 5.53 7.43 6.72 652
30 3.16 2.70 3.08 4.73 2.18 3.66 4.24 2.56 3.08 4.05 3.37 241
Total FA 225.21 333.39 284.71 24220 205.53 227.56 212.30 171.04 152-97 197.30 168.41 149.10
‘Assafcraied FA with A carbons
AiBuCaA carbon atoms, B double bonds and Cedoubia bond position from tie  aliphatic end of molecule.
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Appendix VIII a (continued). Fatty Add Composition of Chesapeake Bay Sediment Cores (pa 9  dry sed. ') 
Sample Designated by Oapth (cm ySite Name
440.0 0.0 1.3 28 8.0 16.0 21.0 21.0 31.0 41.0 51.0 56.0
Cmod.* AO M3 M3 M3 M3 M3 M3 M3 M3 MS M3 M3
i12 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
12 7.32 20.32 10.51 27.86 3.53 6.44 0.00 0.00 3.25 28.58 0.00 14.35
i13 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
al3 0.00 0.00 0.00 0.00 3.10 0.00 0.00 0.00 0.00 0.00 0.00 0.00
13:1 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
13 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
i14 5.46 36.56 1229 23.17 0.00 4.76 0.00 0.00 4.36 0.00 3.03 0.00
14:1w9 0.00 0.00 0.00 0.00 0.00 0.00 0.00 5.63 0.00 0.00 0.00 0.00
14:1*7 0.00 1728 0.00 0.00 0.00 0.00 0.00 0.00 321 0.00 0.00 0.00
14:1*5 0.00 0.00 5.55 0.00 273 6.79 0.00 0.00 0.00 0.00 0.00 0.00
14 7.02 588.74 97.31 24126 3292 61.64 50.62 55.82 35.02 28.25 2278 14.19
ilS 2.80 28.57 6.07 1286 0.00 3.13 0.00 0.00 278 0.00 0.00 0.00
alS 4.97 185.05 44.00 90.77 10.62 1229 19.04 16.88 8.84 1201 6.59 6.24
15:1 0.00 188.93 64.44 128.90 18.14 18.42 27.15 25.57 1278 18.49 9.72 9.19
15 2.57 183.39 26.51 71.31 7.69 15.36 20.75 2234 8.01 11.64 724 7.13
16:2 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
16:n 0.00 1927 0.00 7.49 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
16:4 0.00 0.00 5.98 6.91 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
i16 2.78 99.41 5.97 43.51 6.93 9.12 14.60 15.20 7.14 10.63 5.58 0.00
16:1*5 0.00 1128.90 26.24 16212 56.92 6238 39.75 93.79 18.86 17.71 34.68 5.95
I6:lw7 2.59 54.12 234.82 0.00 8.82 0.00 0.00 6.35 7.44 0.00 0.00 0.00
16:1*9 0.00 0.00 22.97 39.74 7.07 7.63 0.00 0.00 4.50 0.00 3.09 0.00
16 33.54 1447.75 335.93 683.89 201.13 399.83 221.02 215.21 267.20 137.50 97.07 93.55
lOMe16 0.91 83.68 27.43 51.38 10.46 8.92 18.45 17.62 5.10 9.72 5.58 0.00
i17 1.53 55.31 14.74 37.44 523 8.80 1028 9.06 6.43 628 3.74 0.00
al7 1.85 55.05 29.51 40.70 1126 18.41 15.83 13.57 14.44 9.61 5.76 7.07
17:1 0.00 32.94 14.58 1622 5.05 6.85 0.00 0.00 4.22 0.00 0.00 0.00
17 2.51 70.33 35.36 49.68 24.44 50.11 17.76 14.90 28.76 10.60 11.98 9.17
18:n 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
18:2 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
18:3*3 0.00 0.00 0.00 0.00 0.00 720 0.00 6.80 3.65 0.00 3.97 0.00
18:2*6 0.00 37.95 15.30 9.48 3.62 7.23 0.00 10.06 18.73 0.00 525 0.00
18:1w5 0.00 79.56 0.00 116.40 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
18:1*7 0.87 0.00 24.89 0.00 0.00 0.00 0.00 48.34 0.00 0.00 0.00 0.00
18:1w9 4.00 0.00 118.43 0.00 106.44 239.61 0.00 0.00 174.00 0.00 35.71 0.00
I8:1wl1 1.12 273.81 166.62 116.40 14925 289.54 43.49 44.71 195.15 29.88 41.56 1257
18 11.25 47429 141.44 159.02 168.14 37121 73.62 58.55 259.34 5292 47.84 46.59
i19 0.00 0.00 5.36 9.70 220 425 0.00 0.00 3.10 0.00 0.00 0.00
al9 0.77 0.00 8.03 0.00 7.56 18.46 0.00 0.00 11.67 0.00 4.21 0.00
19:1 0.62 0.00 4.74 0.00 1.99 3.19 50.54 0.00 0.00 0.00 0.00 0.00
20:5*3 1.21 22.81 18.64 4.60 261 4.36 0.00 7.19 280 0.00 4.01 0.00
20:4 0.00 36.40 30.15 0.00 261 9.80 0.00 9.80 5.09 0.00 0.00 0.00
20:3 0.00 28.57 628 6.49 6.32 5.31 0.00 5.51 0.00 0.00 0.00 0.00
20:2 0.00 22.32 8.63 14.17 4.70 821 0.00 4.00 4.01 0.00 0.00 0.00
20:1*9 0.00 0.00 4.86 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
20:1*7 0.00 7.98 5.39 0.00 205 3.27 0.00 1.66 282 0.00 0.00 0.00
20:1*5 0.00 1020 4.31 0.00 6.17 11.58 249 1.82 5.54 0.00 293 0.00
22:6*6 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
22:6*3 0.00 0.00 15.04 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
22:5*3 0.00 10.55 20.32 0.00 49.94 0.00 0.00 5.54 0.00 0.00 0.00 0.00
22:4 0.00 1227 104.36 0.00 0.00 0.00 25.01 0.00 0.00 0.00 3215 0.00
22:2 0.00 0.00 0.00 0.00 0.00 191.61 0.00 0.00 120.86 2262 0.00 15.93
22:1*9 1.03 0.00 6.53 0.00 209 320 0.00 0.00 0.00 0.00 0.00 0.00
22:1*7 0.00 11.33 0.00 6.37 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
22 11.28 49.76 14.40 37.33 6.10 13.33 0.00 21.80 1020 0.00 217 0.00
23 1.78 0.00 14.03 7.36 0.00 3.08 0.00 0.00 0.00 0.00 0.00 0.00
24:1 3.02 0.00 0.00 0.00 0.00 3.84 0.00 0.00 0.00 5.63 0.00 0.00
24 11.38 61.79 14.51 45.40 6.58 16.84 3280 29.50 14.13 35.09 10.83 2261
26 10.79 11529 13.19 30.74 5.18 2276 25.66 21.09 20.72 1921 4.30 25.68
26 6.03 10.08 0.00 8.10 0.00 3.74 9.02 827 8.31 9.66 0.00 6.40
30 2.56 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Total FA 147.40 558454 179521 231427 95271 1949.94 717.88 796.70 1308.06 476.02 417.75 29261
•A * sainted FA with A cartoons
AiBmCeA carbon atoms, B double bonds and Odoubie bond positon from the aliphatic end of molecule.
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Appendix VIII a  (continued). Fatty Add Composition of Chesapeake Bay Sediment Cores tig g dry sed.'1)
Sample Designated by Oapth (cmySite Name
61.0 63.3 6S.3 71.0 7S.0 81.0 86.0 91.0 101.0 111.0 121.0 131.0
Cmpd.* M3 M3 M3 M3 M3 M3 M3 M3 M3 M3 M3 M3
i12 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
12 0.00 23.69 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
i13 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
ai3 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
13:1 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
13 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
114 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 1.18
I4:lw9 6.05 4.91 5.79 0.00 0.00 4.84 0.00 279 4.07 0.00 425 0.00
14:1 v*7 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
14:1wS 0.00 0.00 0.00 1.76 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.94
14 25.98 23.42 2629 14.98 1203 23.83 7.13 1122 14.68 288 13.57 7.27
ilS 4.01 0.00 3.94 0.00 0.00 3.34 0.00 1.77 0.00 0.00 237 125
alS 9.55 7.71 9.38 2.44 4.57 7.51 1.52 3.85 5.01 125 4.S5 203
15:1 14.55 11.57 14.29 3.98 7.04 11.09 254 5.79 7.69 0.00 7.80 0.00
15 8.28 8.16 9.85 3.53 4.88 8.39 1.91 3.53 5.01 1.00 5.30 1.83
18:2 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
I6:n 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
16:4 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
116 8.83 7.44 8.59 2.51 4.87 7.48 1.50 3.45 4.99 0.00 4.61 1.31
16:1w5 14.60 15.66 16.05 10.89 8.41 16.82 3.89 6.36 625 248 6.90 3.66
16:1w7 0.00 0.00 0.00 3.28 0.00 0.00 1.20 0.00 0.00 0.00 0.00 1.71
16:1w9 0.00 0.00 0.00 1.89 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
16 100.60 91.98 106.44 109.53 61.45 9225 41.57 4228 85.08 17.51 55.71 55.77
lOMel6 5.90 4.45 6.07 0.00 3.18 4.35 0.00 1.74 0.00 0.00 0.00 0.00
i17 4.77 4.66 4.92 0.00 0.00 4.09 0.00 216 272 0.00 247 0.00
a17 8.17 6.90 8.68 2.12 4.15 6.96 1.18 3.18 4.55 0.00 4.09 1.13
17:1 0.00 0.00 0.00 5.53 0.00 0.00 216 0.00 0.00 0.98 0.00 239
17 8.00 8.14 9.50 15.61 5.13 7.80 5.39 241 4.93 1.70 4.80 7.34
I8:n 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
18:2 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
I8:3w3 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 1.07
182*6 0.00 0.00 0.00 5.27 0.00 4.96 1.87 205 0.00 0.00 0.00 0.00
18:1*5 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
18:1*7 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 291
18:1*9 0.00 0.00 0.00 65.76 0.00 0.00 1722 0.00 0.00 5.43 0.00 2627
18:1*11 21.03 22.96 21.71 84.84 1232 25.49 21.36 13.00 10.88 6.70 8.74 41.30
18 43.45 37.72 44.67 111.14 3204 40.87 35.79 16.51 29.38 11.69 2274 5242
i19 0.00 0.00 0.00 0.00 0.00 0.00 0.00 230 0.00 0.00 0.00 0.00
a19 0.00 0.00 0.00 6.40 0.00 0.00 1.88 0.00 0.00 0.00 0.00 246
19:1 0.00 6.67 0.00 2.10 328 0.00 0.00 0.00 0.00 0.00 0.00 0.00
20:5*3 2.34 0.00 0.00 0.00 0.00 246 0.00 0.00 0.00 0.00 0.00 126
20:4 1.84 0.00 0.00 2.78 0.00 1.71 0.00 0.76 1.50 0.00 0.00 1.01
20:3 2.42 2.23 0.00 0.00 0.00 0.00 1.36 0.84 0.00 0.00 0.00 1.43
20:2 0.00 1.61 0.00 2.42 1.35 0.00 1.36 0.82 0.00 0.00 1.82 275
20:1*9 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
20:1w7 0.00 0.00 0.00 1.00 0.00 1.57 0.00 0.00 0.00 0.00 0.00 0.00
20:1*5 1.34 1.27 126 3.47 0.70 0.62 0.00 0.57 0.56 0.00 0.51 0.00
226*6 0.00 0.00 0.00 0.00 0.00 4.12 0.00 0.00 0.00 0.00 0.00 0.00
22:8*3 0.00 0.00 0.00 65.91 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
22:5*3 1.57 t.70 0.00 0.00 0.00 6.77 24.42 0.00 0.00 0.00 0.00 0.00
22:4 2.48 0.00 1.83 0.00 0.00 1.81 0.00 0.00 0.00 0.00 0.00 0.00
22:2 1.90 0.00 1.96 65.37 14.58 1.61 0.00 3.75 0.00 3.33 0.97 0.00
221*9 0.00 0.00 0.00 0.00 0.00 1.77 0.00 0.00 0.00 0.00 0.00 0.00
221*7 0.00 0.00 0.00 1.81 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
22 17.36 17.08 17.10 3.86 0.00 16.45 3.21 826 13.95 1.85 15.95 27.18
23 3.68 3.57 3.84 0.00 0.00 3.17 0.00 1.48 281 0.00 295 0.00
24:1 3.80 0.00 3.86 0.00 0.00 0.00 0.00 4.62 0.00 0.00 0.00 0.00
24 27.00 24.88 28.16 5.78 16.94 2205 4.80 13.17 20.01 233 1723 273
26 23.18 20.88 2022 10.38 9.14 16.80 293 11.10 15.12 1.03 13.97 290
28 7.92 826 8.75 7.61 4.76 6.83 1.00 4.93 828 0.00 9.11 0.00
30 4.90 0.00 5.06 0.00 0.00 0.00 0.00 299 3.80 0.00 5.87 0.96
Total FA 385.50 367.53 388.51 631.91 210.44 357.78 188.44 177.47 23127 61.16 216.36 258.63
*A * saturated FA with A cartoons
A:BoC*A carbon atoms. B double bonds and Odoubie bond position from he aliphatic end of molecule.
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
244
Appendix VIII a  (continued). Fatty Acid Composition of Chesapeake Bay Sediment Cores (pg g dry sed.'1)
Sample Designated by Depth (cm ySite Name
131.0 171.0 201.0 241.0 1.0 3.0 5.0 7.0 9.0 11.0 15.0 17.0
Cmpd.* M3 M3 M3 M3 RR RR RR HR RR HR HR RR
i12 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 1.00 0.00 1.18 0.00
12 0.00 0.00 0.00 0.69 8.85 13.62 725 7.67 21.66 19.68 3.05 235
i13 0.00 0.00 0.00 0.00 227 1.79 1.57 1.59 0.97 0.00 0.00 0.00
al3 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
13:1 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
13 0.00 0.00 0.00 0.00 0.00 1.66 1.42 1.32 0.00 0.00 0.00 0.65
i14 0.00 286 1.99 0.00 10.41 8.03 6.92 6.78 4.54 4.56 4.76 4.37
14:lw9 5.14 0.00 0.00 325 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
14:1v»7 0.00 0.00 0.00 0.00 0.00 4.00 1.04 128 0.00 0.00 0.00 0.00
14:1w 5 0.00 0.00 0.00 0.00 0.00 1.78 1.03 1.09 0.00 0.00 0.00 0.00
14 11.97 8.56 4.43 6.02 53.31 5265 36.18 36.63 20.81 18.91 15.67 11.53
i15 1.91 1.06 0.59 1.10 49.97 35.78 29.75 28.85 17.57 15.54 9.93 6.37
a15 4.18 235 1.39 226 47.86 36.07 30.29 29.00 18.26 1629 1122 7.67
15:1 723 4.03 0.00 3.82 214 1.48 120 1.11 0.00 0.00 0.00 0.00
15 5.10 274 1.44 227 16.89 16.27 10.37 10.30 6.44 6.45 6.19 3.86
162 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 1.37 0.00 0.00
I6:n 0.00 0.00 0.00 0.63 421 320 272 252 1.71 1.60 1.22 0.82
16:4 0.00 0.00 0.00 0.00 8.15 4.65 3.97 3.41 234 219 1.71 0.92
il6 4.31 234 1.45 0.00 26.56 18.98 16.60 15.80 10.47 9.90 8.27 4.98
16:1 w5 426 5.16 243 203 13.78 0.00 8.57 6.00 0.00 3.06 0.00 0.00
16:1*7 0.00 1.24 0.55 1.33 100.55 89.18 50.64 45.53 30.49 2228 19.02 7.74
I6:lv*9 0.00 0.87 0.40 0.00 15.73 11.47 8.98 821 4.94 4.30 251 1.22
16 49.95 55.83 26.54 23.45 193.63 211.78 12826 133.84 86.54 85.67 85.51 53.37
l0Mei6 1.75 0.98 0.59 0.85 34.37 25.74 2252 20.91 1423 1247 7.58 4.00
i17 1.99 0.91 0.51 1.10 16.44 1237 10.80 10.53 7.11 6.61 7.44 3.35
al7 3.33 1.44 0.79 1.62 19.02 16.92 13.31 1268 8.93 125 8.41 4.46
17:1 0.00 282 1.39 0.00 10.57 8.03 6.55 6.39 4.12 3.73 212 1.13
17 3.86 5.95 325 232 14.07 24.92 11.02 13.77 6.56 6.65 7.88 4.87
I8:n 0.00 0.00 0.00 0.78 259 0.00 1.96 1.87 1.40 0.00 1.33 0.00
16:2 0.00 0.00 0.00 0.00 225 1.91 1.52 1.53 0.94 1.06 0.00 0.81
18:3w 3 0.00 1.01 0.59 0.00 5.69 4.13 3.92 3.53 255 227 1.57 0.83
162W6 0.00 5.13 1.94 0.98 15.53 1245 10.71 8.46 5.94 5.24 4.00 1.57
I6:lw5 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
I8:lw7 0.00 0.00 0.00 0.00 1256 10.73 7.48 6.54 3.92 3.53 422 1.88
18:1w9 0.00 26.43 9.73 0.00 6823 77.05 46.73 47.60 2927 26.51 23.90 11.74
I8:lwi 1 6.98 27.68 11.95 3.43 57.19 86.68 35.52 41.15 19.85 17.40 1283 6.33
18 19.51 43.87 19.72 9.06 50.32 124.61 37.57 47.63 27.40 27.98 33.71 21.13
i19 0.00 0.82 0.44 0.00 6.41 4.85 4.30 4.32 261 240 1.70 0.89
a19 0.00 224 120 0.00 269 275 222 233 1.43 1.56 1.66 1.01
19:1 0.00 0.00 0.00 0.72 4.81 4.16 3.70 3.60 228 250 1.87 1.30
20:5w3 1.51 1.27 0.44 0.72 1523 10.32 8.77 7.38 4.06 429 7.03 1.37
20:4 0.00 0.80 0.77 0.00 27.54 18.69 17.78 1266 8.02 7.36 14.25 259
20:3 0.00 1.15 0.53 0.56 3.37 1.57 1.38 1.19 1.38 0.00 237 0.00
202 0.00 1.51 0.78 0.27 0.00 3.60 0.00 9.81 6.06 0.00 0.00 0.00
20:lw9 0.45 1.29 0.00 0.00 6.73 5.85 520 0.00 0.00 278 8.83 1.00
20:1w7 0.36 0.00 0.00 0.00 248 207 1.66 1.65 0.95 0.93 4.03 0.63
20:1 w5 0.00 0.00 0.53 0.15 1.49 0.00 0.79 0.76 0.00 0.00 0.90 0.00
22:6*6 0.00 0.00 0.00 0.00 0.00 1.95 1.80 0.00 0.00 0.00 0.00 0.00
22:6*3 0.00 0.86 0.00 1.31 23.55 16.67 16.57 10.87 8.13 7.43 14.50 212
22:5w3 0.00 0.00 0.00 0.84 3.61 99.88 19.31 64.55 286 1.79 3.61 247
22:4 0.88 13.41 13.38 0.00 3.88 3.18 265 209 1.45 1.64 255 0.88
222 0.71 0.00 0.00 1.75 0.00 1.32 1.31 1.32 0.00 0.00 0.00 0.00
22:1*9 0.00 0.00 0.00 024 16.79 1272 1327 1243 10.87 1266 15.96 14.40
22:1*7 0.00 0.00 0.00 022 298 243 254 229 1.93 246 271 237
22 18.63 728 4.78 9.09 0.00 127 0.78 0.00 0.00 0.77 1.18 0.58
23 269 123 0.81 1.74 16.56 1235 13.09 1248 1021 10.68 1213 11.01
24:1 0.00 0.00 0.00 3.99 201 1.89 260 207 1.66 1.78 203 1.95
24 19.76 6.04 4.50 9.09 235 624 8.62 9.39 725 7.57 6.78 9.81
26 1921 207 0.85 8.97 0.00 1.78 1.64 1.M 1.49 1.55 1.95 201
28 9.30 128 0.93 4.43 6.91 5.53 6.40 6.36 5.05 5.31 6.91 7.76
30 214 0.00 0.00 3.57 260 213 271 3.15 219 256 3.79 3.86
Total FA 207.13 245.29 12211 115.38 101826 114225 69427 736.30 44201 404.80 40520 235.97
•A « sabrated FA with A carbons
A:BaiCsA carbon atoms, B double bonds and CedouMe bond posiion from tw  aiiphetic end of molecule.
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Appendix VIII a  (continued). Fatty Add Composition of Chesapeake Bay Sediment Cores (M 9 dty sed. ')
Sample Designated by Depth (cmySite Name
21.0 23.0 27.0 31.0 41.0 52.9 82.5 77.5 97.5
Cmpd.* RR RB HR HR RB HR RR HR RR
it2 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
12 1.60 1.65 0.00 1.09 0.00 0.00 8.61 6.41 0.78
i13 0.66 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
al3 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
13:1 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
13 0.63 0.60 0.00 0.00 0.00 0.00 0.00 0.00 0.00
iU 3.74 0.69 0.00 0.00 0.00 0.00 0.00 0.00 0.00
14:1w9 0.00 4.50 0.00 0.00 0.00 0.00 0.00 0.00 0.00
I4:iw7 0.49 0.00 4.99 5.10 4.80 3.89 426 3.97 3.43
14:1 wS 0.00 0.00 0.00 0.00 0.00 0.00 1.57 0.00 0.00
14 11.46 9.94 8.86 9.29 9.40 6.52 8.34 6.21 5.72
i15 17.49 4.93 3.55 3.56 3.31 276 285 257 234
al5 13.76 6.51 5.88 6.04 5.64 4.77 4.94 4.38 3.94
15:1 0.96 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
15 4.65 429 3.17 3.18 3.48 240 296 216 201
16:2 0.58 0.00 0.00 1.06 0.00 0.00 0.85 0.00 0.00
I6:n 1.84 0.70 0.00 0.00 0.00 0.00 0.00 0.00 0.00
16:4 1.81 1.14 0.00 0.00 0.00 0.00 0.00 0.00 0.00
116 8.59 4.99 0.00 0.00 0.00 0.00 0.00 0.00 0.00
I6:1w5 7.12 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
I6:lv»7 32.93 9.19 0.00 0.00 0.00 0.00 0.00 0.00 0.00
16:1*9 22.12 1.06 3.48 4.01 3.31 248 3.98 223 239
16 71.31 56.74 45.59 47.60 49.19 28.73 53.72 25.97 24.01
10Me16 11.39 261 4.26 7.27 6.34 0.00 4.98 0.00 4.61
i17 7.19 4.49 203 228 1.97 1.59 1.80 1.34 1.45
al7 628 4.43 289 287 284 1.95 266 1.62 1.59
17:1 5.19 0.88 0.00 0.00 0.00 0.00 0.00 0.00 0.00
17 5.99 5.11 7.61 6.59 7.44 208 9.94 1.83 3.65
I8:n 1.47 0.78 0.00 0.00 0.00 0.00 0.00 0.00 0.00
18:2 1.18 0.83 0.00 0.00 0.00 0.00 0.00 0.00 0.00
18:3**3 2.04 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
18:2m6 3.t1 0.77 0.00 0.00 0.00 0.00 0.00 0.00 0.00
1B:1w5 0.00 268 0.00 0.00 0.00 0.00 0.00 0.00 0.00
18:1»< 7 4.53 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
18:1w9 26.07 14.71 10.41 10.34 10.45 5.17 14.35 4.52 4.46
I8:iwi 1 18.67 4.60 9.08 8.38 13.42 1.10 21.60 126 1.72
18 27.89 24.21 2289 24.36 29.33 8.89 36.97 8.08 8.17
i19 2.36 0.66 0.00 0.00 0.00 0.00 0.90 0.00 0.00
al9 1.60 121 0.00 1.13 1.78 0.00 236 0.00 0.00
19:1 2.84 1.12 0.00 0.00 0.00 0.00 0.00 0.00 0.00
20:5w3 7.54 4.49 241 246 229 1.90 1.69 203 1.47
20:4 10.64 6.88 0.00 0.00 0.00 0.00 0.00 0.00 0.00
20:3 0.98 0.97 0.00 0.00 0.00 0.00 0.00 0.00 0.00
202 1.90 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
20:1w9 5.40 7.38 0.00 0.00 0.00 0.00 0.00 0.00 0.00
20:1w7 1.45 237 0.00 0.00 0.00 0.00 0.00 0.00 0.00
20:1w5 0.00 0.54 0.00 0.00 0.00 0.00 0.00 0.00 0.00
226*6 2.41 0.94 0.00 0.00 0.00 0.00 0.00 0.00 0.00
220*3 17.84 8.06 0.00 0.00 0.00 0.00 0.00 0.00 0.00
225w3 4.83 256 0.00 0.00 0.00 0.00 0.00 0.00 0.00
22:4 327 1.59 0.00 0.00 0.00 0.00 0.00 0.00 0.00
222 1.04 0.00 0.00 1.72 1.76 1.58 0.00 1.56 0.00
221*9 11.50 14.59 0.00 0.00 0.00 0.00 0.00 0.00 0.00
22:1*7 2.82 220 0.00 0.00 0.00 0.00 0.00 0.00 0.00
22 0.60 0.62 1280 1278 1240 1129 10.16 10.09 8.95
23 11.92 9.78 1.88 1.75 1.76 1.65 1.50 1.44 1.34
24:1 228 1.88 1.14 121 0.00 1.50 0.00 1.87 0.00
24 8.91 10.35 11.17 9.76 10.41 9.63 8.32 8.59 7.03
26 1.89 207 10.18 10.04 9.89 1021 8.60 9.15 6.57
28 8.11 7.72 6.45 7.11 7.42 7.77 6.69 7.37 7.69
30 3.76 3.71 265 293 3.32 294 264 268 1.99
Total FA 438.86 264.73 186.62 197.17 20523 124.02 23215 11926 107.62
*Az saturated FA with A carbons
AiBoOA carbon atoms, B double bonds and Czdoubie bond position from Tie aliphatic end ot molecule.
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Site RD Kasten Core X-Radiographs
0 cm depth-top 30 cm depth-top 
30 cm depth-bottom 60 cm depth-bottom
( vertical bars ■ 5 cm)
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
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Site RD Kasten Core X-Radiographs
60 cm depth-top 90 cm depth-top 
90 cm depth-bottom 120 cm depth-bottom
( vertical ban * 5 an)
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
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Site RD Kasten Core X-Radiographs
120 cm depth-top 150 cm depth-top 
150 cm depth-bottom 180 cm depth-bottom
( vertical bars ■ 5 an)
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
Site RD Kasten Core X-Radiographs
180 cm depth-top 210 cm depth-top
210 cm depth-bottom 240 cm depth-bottom
( vertical ban ■ 5 cm)
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Site RO Kasten Core X-Radiographs
240 cm depth-top 270 cm depth-top 
270 cm depth-bottom 300 cm depth-bottom
(vertical ban ■ 5 cm)
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Site M3 Kasten Core X-Radiographs
0 cm depth-top 37 cm depth-top
30 cm depth-bottom 67 cm depth-bottom
( verticil to n  ■ 5 cm)
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Site M3 Kasten Core X-Radiographs
140 cm depth - top 
170 cm depth - bottom
( vertical ban ■ 5 cm)
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Site RR Kasten Core X-Radiographs
0 cm depth-top 30 cm depth-top 
30 cm depth-bottom 60 cm depth-bottom
(vertical bars *5011)
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Site RR Kasten Core X-Radiographs
60 cm depth-top 90 cm depth-top 
90 cm depth-bottom 120 cm depth-bottom
( vertical ban ■ 5 cm)
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